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PREFACE 
At least since the "energy crisis" of the early 1970s there has 
been very substantial concern, both popular and scientific, for the 
future adequacy of the natural resource base of advanced industrial 
economies. This is reflected at IIASA in the research programs in 
Energy, Food and Agriculture, and Water. Within the System and 
Decision Sciences Area, one research task focuses on the allocation 
of resources over long periods of time by markets and other mech- 
anisms, with particular reference to  the non-reproducible natural 
resources. 
This report studies the properties of a number of suggested mea- 
sures of natural resource scarcity and their behavior as a resource is 
depleted over time. I t  is based in part on a conference on natural re- 
source scarcity held at Resources for the Future in 1976, and will 
appear in somewhat different form in, the conference proceedings. 

On Measures  o f  N a t u r a l  Resource  S c a r c i t y  
1 .  INTRODUCTION: PHYSICAL AND ECONOMIC SCARCITY 
The w i d e l y  p u b l i c i z e d  p r e d i c t i o n s  o f  impending s c a r c i t y ,  
and even  e x h a u s t i o n ,  o f  e x t r a c t i v e  n a t u r a l  r e s o u r c e s  l i k e  m e t a l s  
and f u e l s  i n  t h e  Club  o f  Rome s t u d y ,  The Limits to Growth ( 1 9 7 2 ) ,  
and t h e  l e s s  w i d e l y  p u b l i c i z e d  r e b u t t a l s  ( s e e  f o r  example  
Beckerman, 1972,  Nordhaus,  1973b, and Kay and M i r r l e e s ,  1975) 
s u g g e s t  t h a t  a  c a r e f u l  a n a l y s i s  o f  what i s  meant  by r e s o u r c e  
s c a r c i t y ,  and how it i s  measured o r  i n d i c a t e d ,  m i g h t  be wor th  
w h i l e .  The o b j e c t  o f  t h i s  p a p e r  i s  t o  p r o v i d e  such a n  a n a l y s i s .  
S p e c i f i c a l l y ,  I s h a l l  c o n s i d e r  i n  t h i s  s e c t i o n  t h e  meaning o f  
s c a r c i t y ,  and i n  s u b s e q u e n t  s e c t i o n s  a  number o f  p roposed  mea- 
s u r e s ;  t h e i r  p r o p e r t i e s ;  and t h e i r  b e h a v i o r  a s  a  r e s o u r c e  s t o c k  
i s  d e p l e t e d - - o r ,  i n  a  s e n s e  I s h a l l  p r e s e n t l y  s u g g e s t ,  a u g a e n t -  
ed--over t i m e .  
P e r h a p s  t h e  q u e s t i o n ,  what  i s  s c a r c i t y ?  i s  t o o  s i m p l e  f o r  
e c o n o m i s t s ,  t o o  s i m p l e  t o  be made e x p l i c i t ,  a t  any  r a t e .  We 
o r d i n a r i l y  s a y  a  good--or a  r e s o u r c e - - i s  s c a r c e  i f  t h e  q u a n t i t y  
demanded e x c e e d s  t h e  q u a n t i t y  s u p p l i e d  a t  some benchmark p r i c e ,  
such  a s  t h e  p r e v a i l i n g  o n e ,  s o  t h a t  t h e r e  is ,  i n  a  c o m p e t i t i v e  
m a r k e t ,  upward p r e s s u r e  o n  t h e  p r i c e .  A s  a  s p e c i a l  c a s e ,  goods 
a r e  somet imes c o n s i d e r e d  s c a r c e ,  o r  "economic",  a s  opposed t o  
" f r e e " ,  i f  t h i s  e x c e s s  demand i s  p o s i t i v e  a t  a  zero p r i c e .  But 
much o f  t h e  c u r r e n t  d e b a t e  a b o u t  n a t u r a l  r e s o u r c e  s c a r c i t y  f o -  
c u s e s  o n  physical m e a s u r e s ,  such  a s  t h e  s t o c k  o f  r e s e r v e s .  To 
g i v e  some i d e a  o f  t h e  consequences  o f  a n  e s t i m a t e d  r e s e r v e  b a s e ,  
it i s  t y p i c a l l y  compared t o  a n o t h e r  p h y s i c a l  q u a n t i t y ,  p r o j e c t e d  
consumpt ion ,  g i v i n g  r i s e  t o  c o n c l u s i o n s  such  a s ,  we have 2 y e a r s '  
w o r t h  o f  c o a l ,  o r  i r o n ,  o r  w h a t e v e r ,  l e f t ,  a t  c u r r e n t  o r  p ro -  
j e c t e d  r a t e s  o f  c o n s u m p t i o n . t  
Now a  p h y s i c a l  measure  l i k e  r e s e r v e s  makes no s e n s e  f o r  a  
n o n e x t r a c t i v e  commodity, s i n c e  we c a n ,  a t  a  c o s t ,  p r o d u c e  a s  
much a s  we want .  Except  i n  t h e  v e r y  s h o r t  r u n ,  " r e s e r v e s "  a r e  
n o t  i m p o r t a n t .  But  l o o k i n g  more c l o s e l y  a t  e x t r a c t i v e  r e s o u r c e s ,  
t h e  s i m p l e  d i s t i n c t i o n  b e g i n s  t o  b l u r .  Tha t  i s ,  it i s  n o t  c l e a r  
t h a t  t h e r e  i s  r e a l l y  a  l i m i t e d  s t o c k ,  a t  l e a s t  one  c o r r e s p o n d i n g  
t o  r e s e r v e s .  R e s e r v e s  a r e  d e f i n e d  a s  t h e  known amounts o f  a  
m i n e r a l  t h a t  c a n  be  p r o f i t a b l y  r e c o v e r e d  a t  c u r r e n t  p r i c e s - - f o r  
t o n e  o f  t h e  b e s t  examples  o f  t h i s  t y p e  o f  a n a l y s i s  i s  Population, 
Resources, and the Environment ( 1 9 7 2 ) ,  a  r e p o r t ,  e d i t e d  by 
R . G .  R i d k e r ,  o f  t h e  U.S. Commission on P o p u l a t i o n  Growth and 
t h e  American F u t u r e .  
t h e  m i n e r a l  and  t h e  i n p u t s  u s e d  i n  e x t r a c t i n g  and  p r o c e s s i n g  i t . t  
Obvious ly ,  t h e n ,  r e s e r v e s  c a n  b e  expanded by,  t o  c i t e  two impor- 
t a n t  p o s s i b i l i t i e s ,  d i s c o v e r i e s  o f  new d e p o s i t s ,  and t e c h n i c a l  
change  which c o n v e r t s  f o r m e r l y  uneconomic m a t e r i a l s ,  s u c h  a s  o r e s  
w i t h  low m e t a l  c o n t e n t ,  i n t o  " r e s e r v e s " .  We migh t  say  t h a t  t h e  
s t o c k  o f  a n  e x t r a c t i v e  r e s o u r c e  c a n  b e  augmented by i n v e s t i n g  
i n  i n f o r m a t i o n ,  j u s t  a s  t h e  number o f  e f f e c t i v e  u n i t s  o f  l a b o r  
c a n  be  by human c a p i t a l  fo rmat ion- -o r  a s ,  f o r  t h a t  m a t t e r ,  t h e  
s u p p l y  o f  any n o n e x t r a c t i v e  commodity c a n  b e .  But i f  t h i s  i s  
t r u e ,  t h e n  t h e  economic c o n c e p t  o f  s c a r c i t y ,  r i s i n g  p r i c e ,  
becomes s i g n i f i c a n t  f o r  e x t r a c t i v e  n a t u r a l  r e s o u r c e s  a s  w e l l  a s  
f o r  t h e s e  o t h e r  i t e m s .  The p o i n t  is  t h a t  f o r  most i f  n o t  a l l  
r e s o u r c e s  it i s  d i f f i c u l t  t o  s p e a k  p r e c i s e l y  a b o u t  p h y s i c a l  s c a r -  
c i t y ,  e i t h e r  b e c a u s e  we a r e  u n c e r t a i n  a b o u t  t h e  e x t e n t ,  l o c a t i o n ,  
and q u a l i t y  o f  d e p o s i t s ,  o r  b e c a u s e  o f  a m b i g u i t i e s  i n  t h e  d e f i -  
n i t i o n  of  u l t i m a t e l y  r e c o v e r a b l e  r e s e r v e s .  Coa l  d e p o s i t s ,  f o r  
example ,  though  s u b j e c t  t o  less u n c e r t a i n t y  t h a n  t h o s e  o f  o i l ,  
g a s ,  and most  m e t a l l i c  m i n e r a l s ,  a r e  ( n e c e s s a r i l y )  r a t h e r  a r b i -  
t r a r i l y  reckoned a s  c o n s i s t i n g  o n l y  o f  t h o s e  o f  a t  l e a s t  a  g i v e n  
t h i c k n e s s  o f  seam, and a t  most  a  g i v e n  o v e r b u r d e n  o f  s o i l . t t  
The economic measure ,  p r i c e ,  t h e n  i s  a  k i n d  o f  summary s t a t i s t i c ,  
r e f l e c t i n g  a  p r e c i s e  outcome o f  t h e  c o n f l i c t i n g  i n f l u e n c e s  on a n  
unknown and p e r h a p s  unknowable p h y s i c a l  magni tude.  
The s i m i l a r i t y  o f  e x t r a c t i v e  t o  n o n e x t r a c t i v e  r e s o u r c e s  
may b e  a  b i t  overdrawn.  One c o u l d  o b j e c t  t h a t  i n  t h e  l o n g  r u n ,  
e x t r a c t i o n  i s  bound by t h e  f i n i t e  s t o c k s  o f  m i n e r a l s  i n  t h e  
e a r t h ' s  c r u s t .  And l o n g  b e f o r e  t h e s e  l i m i t s  a r e  r e a c h e d ,  it i s  
l i k e l y  t h a t  i n c r e m e n t a l  e n e r g y  and e n v i r o n m e n t a l  c o s t s  o f  e x t r a c -  
t i o n  would become p r o h i b i t i v e .  I n  t h e  n e x t  s e c t i o n  I s h a l l  s e t  
o u t  a  f a i r l y  t r a d i t i o n a l  model of  c o m p e t i t i v e  e x t r a c t i o n  under  
c e r t a i n t y ,  i . e . ,  a  model t h a t  d o e s  n o t  e x p l i c i t l y  i n c l u d e  i n v e s t -  
ment i n  augment ing t h e  r e s o u r c e  s t o c k .  But l a t e r  on  I c o n s i d e r ,  
less f o r m a l l y ,  how r e s u l t s  migh t  b e  a f f e c t e d  by s u c h  augmenta- 
t i o n .  And i n  s u c c e e d i n g  s e c t i o n s  i n v e s t m e n t  i n  r e s e r v e  c r e a t i o n  
v i a  e x p l o r a t i o n  i s  made endogenous t o  t h e  model.  
The p u r p o s e  o f  t h e  n e x t  s e c t i o n ' s  model is  t o  b r i n g  o u t  
t h e  r e l a t i o n s h i p s  among a  number o f  d i f f e r e n t  economic s c a r c i t y  
m e a s u r e s  t h a t  have  been proposed f o r  r e s o u r c e s .  I have  r e f e r r e d  
t o  r i s i n g  p r i c e  a s  " t h e "  measure  of  s c a r c i t y ,  b u t  a s  w e  s h a l l  
s e e ,  r e s o u r c e s  a r e  d i f f e r e n t .  There  a r e  a t  l e a s t  two c a n d i d a t e  
p r i c e  measures :  t h e  o r d i n a r y  marke t  p r i c e ,  and someth ing  t h a t  
migh t  b e  c a l l e d  a  p u r e  s c a r c i t y  r e n t ,  t h e  v a l u e  o f  t h e  u n i t  of  
t h e  r e s o u r c e  " i n  t h e  g round" .  F u r t h e r ,  i n  t h e  most i n f l u e n t i a l  
s t u d y  t o  d a t e ,  t h a t  by B a r n e t t  and Morse, s t i l l  a n o t h e r  measure ,  
t h e  u n i t  c o s t  o f  e x t r a c t i v e  o u t p u t ,  i s  emphasized.  T h i s  i n  f a c t  
d e r i v e s  from p e r h a p s  t h e  e a r l i e s t  s c a r c i t y  t h e o r i s t ,  M a l t h u s ,  
+ T h i s  i s  t h e  g e n e r a l l y  a c c e p t e d  d e f i n i t i o n ,  a s  e x p l a i n e d  i n  
g r e a t e r  d e t a i l  by Schanz (19761,  d rawing  on U.S. G e o l o g i c a l  
Survey  p u b l i c a t i o n s  and p r a c t i c e .  
t t F o r  p r e c i s e  s p e c i f i c a t i o n s ,  s e e  D a r m s t a d t e r  ( 1 9 7 1 ) .  
who b e l i e v e d  t h a t  i n c r e a s i n g  a g r i c u l t u r a l  o u t p u t  would r e q u i r e  
e v e r  i n c r e a s i n g  " d o s e s "  o f  l a b o r  and c a p i t a l ,  and a l s o  f rom 
R i c a r d o ,  who ex tended  t h i s  c o n c l u s i o n  t o  m i n e r a l  o u t p u t . +  A 
s i m p l e  model o f  o p t i m a l  e x t r a c t i o n  by a  c o m p e t i t i v e  f i r m  w i l l  
n o t  o n l y  b r i n g  o u t  t h e  r e l a t i o n s h i p s  between t h e s e  measures ,  
b u t  w i l l  shed some l i g h t  on how e a c h  is  a f f e c t e d  by c h a n g e s  i n  
t h e  r e s o u r c e  s t o c k .  
Broad ly  s p e a k i n g ,  t h e  c o n c l u s i o n  i s  t h a t  each  i s  w e l l  
behaved,  i n  t h e  s e n s e  t h a t  it is g e n e r a l l y  ( t h o u g h  n o t  a lways ,  
a s  w e  s h a l l  s e e )  n e g a t i v e l y  r e l a t e d  t o  t h e  s i z e  of  t h e  s t o c k .  
Tha t  is ,  t h e  s m a l l e r  t h e  s t o c k ,  t h e  h i g h e r  t h e  p r i c e  ( r e n t ,  
c o s t ) ,  and  t h e  l a r g e r  t h e  s t o c k ,  t h e  lower  t h e  p r i c e  ( r e n t ,  
c o s t ) .  But it d o e s  n o t  f o l l o w  t h a t  a l l  t h r e e  a r e  e q u a l l y  sen-  
s i t i v e  o r  a c c u r a t e  measures  o f  s c a r c i t y .  T h i s  r a i s e s  t h e  ques -  
t i o n ,  what p r o p e r t i e s  s h o u l d  such  a  measure  have? I n  t h e  remain-  
d e r  o f  t h i s  s e c t i o n  I p r o p o s e  an answer  t h a t  e n a b l e s  u s  t o  d i s -  
c r i m i n a t e  a t  l e a s t  among c o s t ,  p r i c e  and r e n t .  Also ,  I a t t e m p t  
t o  j u s t i f y ,  b r i e f l y ,  t h e  s t a t e m e n t  made a t  t h e  o u t s e t  t h a t  a n  
i n q u i r y  i n t o  t h e  meaning and measurement o f  s c a r c i t y  may be  
w o r t h  w h i l e .  
P e r h a p s  t h e  two key q u e s t i o n s  a b o u t  n a t u r a l  r e s o u r c e  u s e  
t h a t  have  emerged i n  t h e  r e c e n t  t h e o r e t i c a l  l i t e r a t u r e  a r e ,  
( 1 )  is  t h e  t i m e  p a t t e r n  o f  e x t r a c t i o n  produced by a  c o m p e t i t i v e  
marke t  s o c i a l l y  e f f i c i e n t ?  and  ( 2 )  how d o  v a r i o u s  s o u r c e s  o f  
m a r k e t  imperfect ion--monopoly,  e x t e r n a l i t i e s ,  e t c . - - d i s t o r t  
t h e  c o m p e t i t i v e  p a t t e r n ? t t  I m p l i c i t  i n  t h e s e  q u e s t i o n s  i s  t h e  
p o s s i b i l i t y  t h a t  marke t -de te rmined  r a t e s  of  e x t r a c t i o n  c o u l d  b e  
t o o  s low,  a s  w e l l  a s  t o o  r a p i d .  So i n  a  s e n s e  my c o n c e r n  w i t h  
s c a r c i t y  i s  a  r e s t r i c t e d  one .  I t  assumes t h a t  t h e  undercon-  
sumpt ion  o f  r e s o u r c e  s t o c k s  i s  l e s s  o f  a  problem t h a n  t h e i r  
overconsumpt ion .  Two t h i n g s  c a n  be  s a i d  a b o u t  t h i s .  F i r s t ,  
t h e r e  i s  no presumpt ion  t h a t  ( e x i s t i n g )  m a r k e t s  d o ,  on b a l a n c e ,  
overconsume; t h i s  h a s  n o t  been d e m o n s t r a t e d  i n  t h e  l i t e r a t u r e .  
Second,  however,  it seems r e a s o n a b l e  t o  worry more a b o u t  t h e  
c o n s e q u e n c e s  o f  t h i s  p o s s i b i l i t y .  A s  Common (1975)  h a s  p u t  it: 
D e p l e t i n g  f i n i t e  s t o c k s  o f  f o s s i l  f u e l s  c l o s e s  o u r  
f u t u r e  o p t i o n s  i n  a  way t h a t  d e p r e c i a t i n g  a  c a p i t a l  
s t o c k  d o e s  n o t ,  i n  t h a t  t h e  fo rmer  i s  i r r e v e r s i b l e  
w h i l e  t h e  l a t t e r  i s  n o t .  Given l a b o u r  and n a t u r a l  
r e s o u r c e s ,  c a p i t a l  equipment  can  be  c r e a t e d  from 
+For a  c l e a r  and i n f o r m a t i v e  d i s c u s s i o n  o f  t h e  v iews  o f  t h e  
c l a s s i c a l  e c o n o m i s t s ,  s e e  B a r n e t t  and Plorse ( 1  963) , pp.. 51 -7 1 .  
++See t h e  s e v e r a l  s t u d i e s  i n  t h e  Review of Ecoriomic Studzes 
Symposium on the Economics of ExhaustibZe Resources ( 1 9 7 4 ) .  
Resource  m a r k e t  i m p e r f e c t i o n s  a r e  a l s o  c l a s s i f i e d  and a n a l y z e d  
by Sweeney (1  976) and Kay and M i r r l e e s  (1  975) . Nordhaus 
( 1  9 7 3 b ) ,  Solow ( 1  9 7 4 a ) ,  and Heal  (1975)  c o n s i d e r  i n  p a r t i c u l a r  
t h e  problems c a u s e d  by t h e  l a c k  o f  f u t u r e s  m a r k e t s .  
s c r a t c h :  i f ,  t o d a y ,  t h e  w o r l d ' s  e n t i r e  c a p i t a l  
s t o c k  were  d e s t r o y e d ,  it c o u l d  b e  r e c r e a t e d .  
Given l a b o u r  and c a p i t a l  equ ipment ,  n a t u r a l  
r e s o u r c e s  c a n n o t  b e  c r e a t e d :  i f ,  t o d a y ,  t h e  
w o r l d ' s  e n t i r e  s t o c k  o f  f o s s i l  f u e l s  were  de-  
s t r o y e d ,  it c o u l d  n o t  b e  r e c r e a t e d .  
I have s u g g e s t e d  t h a t  n a t u r a l  r e s o u r c e  s t o c k s  c a n ,  i n  a  
s e n s e ,  b e  augmented, b u t  t h a t  d o e s  n o t  r e a l l y  c o u n t e r  Common's 
p o i n t .  I t  i s  p r e c i s e l y  t h e  p o s s i b i l i t y  o f  s u b s t i t u t i n g  pro-  
d u c i b l e  c a p i t a l ,  l i k e  machines  o r  knowledge, f o r  n o n p r o d u c i b l e  
m a t e r i a l s ,  l i k e  h i g h l y  c o n c e n t r a t e d  o r e s ,  t h a t  a l l o w s  u s  t o  
e f f e c t i v e l y  augment r e s o u r c e  s t o c k s .  And f o r  some t y p e s  o f  
r e s o u r c e s ,  l i k e  u n i q u e  n a t u r a l  e n v i r o n m e n t s ,  even  t h i s  may n o t  
b e  p o s s i b l e .  Once t h e  redwood f o r e s t s ,  o r  t h e  Grand Canyon, 
a r e  gone,  t h e y  a r e  gone;  t h e y  a r e  i r r e p l a c e a b 1 e . t  The p o i n t  i s  
t h a t  a  c o n c e r n  w i t h  n a t u r a l  r e s o u r c e  s c a r c i t y ,  which seems t o  
b e  s h a r e d  by a  wide segment o f  t h e  g e n e r a l  p u b l i c ,  i s  n o t  
e n t i r e l y  i r r a t i o n a l ,  however i r r a t i o n a l  some o f  t h e  a rguments  
m o t i v a t e d  by t h i s  c o n c e r n  a p p e a r  t o  b e .  I need h a r d l y  add t h a t  
t h i s  d o e s  n o t  imply t h a t  i n v e s t i g a t i o n s  i n t o  p o s s i b l e  s o u r c e s  
o f  o v e r - c o n s e r v a t i o n  s h o u l d  n o t  b e  u n d e r t a k e n .  But i n  t h i s  
p a p e r  I am s imply  t r y i n g  t o  respond  t o  t h e  c o n c e r n  a b o u t  impend- 
i n g  e x h a u s t i o n  by i n d i c a t i n g  how it m i g h t  b e  r e f l e c t e d  i n  some 
a l t e r n a t i v e  measures .  
I f  it i s  a g r e e d  t h a t  a  measure  o f  s c a r c i t y  may be o f  i n t e r -  
est ,  what p r o p e r t i e s  s h o u l d  it have? L e t  me p r o p o s e  a  v e r y  
s i m p l e  answer .  A measure  o f  a  r e s o u r c e ' s  s c a r c i t y  s h o u l d  have 
j u s t  o n e  e s s e n t i a l  p r o p e r t y :  it s h o u l d  summarize t h e  s a c r i f i c e s ,  
d i r e c t  and indirect, made t o  o b t a i n  a  u n i t  o f  t h e  r e s o u r c e .  
T h i s  a p p e a r s  t o  c o n c e n t r a t e  o n  t h e  s u p p l y  s i d e ,  t o  t h e  e x c l u s i o n  
o f  demand, b u t  i n  f a c t  it d o e s  n o t .  F i r s t ,  n o t e  t h e  o p e r a t i v e  
word, "made"; t h i s  i m p l i e s  a  w i l l i n g n e s s  t o  pay. Second,  n o t e  
t h e  emphas i s  o n  i n d i r e c t  c o s t .  I n  g e n e r a l ,  consumption o f  a  
u n i t  o f  a  r e s o u r c e  t o d a y  w i l l  have  a  d i r e c t  c o s t ,  t h e  l a b o r  and 
c a p i t a l  ( and  o t h e r  r e s o u r c e )  i n p u t s  r e q u i r e d  t o  e x t r a c t  and con- 
v e r t  i t ,  and a n  i n d i r e c t  c o s t ,  t h e  v a l u e  o f  f u t u r e  consumption 
f o r e g o n e .  A f t e r  d e s c r i b i n g  t h e  r e l a t i o n s h i p s  among c o s t ,  p r i c e ,  
and r e n t  w i t h  t h e  a i d  o f  t h e  n e x t  s e c t i o n ' s  model ,  I s h a l l  a r g u e  
t h a t  t h e  u n i t  c o s t  o f  e x t r a c t i v e  o u t p u t  i s ,  i n  t h e o r y ,  d e f i c i e n t  
a s  a n  i n d i c a t o r  o f  s c a r c i t y ,  b e c a u s e  it d o e s  n o t  c a p t u r e  t h i s  
i n d i r e c t  component. P r i c e  is t h e  p r e f e r r e d  measure ,  though 
t h e r e  i s  someth ing  t o  b e  s a i d  f o r  r e n t .  And even u n i t  c o s t  comes 
back  i n t o  t h e  p i c t u r e  b e c a u s e ,  though  it d o e s  n o t  r e f l e c t  t h e  
demand f o r ,  and v a l u e  o f ,  f u t u r e  o u t p u t  f o r e g o n e ,  it t y p i c a l l y  
moves i n  t h e  r i g h t  d i r e c t i o n - - i n c r e a s e s - - a s  a  s t o c k  is  d e p l e t e d .  
t A  s u b s t a n t i a l  l i t e r a t u r e  o n  t h e  economics  o f  n a t u r a l  e n v i r o n -  
ments ,  which emphas izes  t h e  i m p l i c a t i o n s  o f  t h e  i r r e v e r s i b i l i t y  
o f  t h e i r  consumption,  h a s  r e c e n t l y  emerged. For  p e r h a p s  t h e  
most comple te  s t a t e m e n t ,  s e e  K r u t i l l a  and F i s h e r  ( 1 9 7 5 ) .  
There  is i n  f a c t ,  a s  I s h a l l  show i n  s e c t i o n s  3 and 4,  an  
i n t e r e s t i n g  d u a l i t y  between c o s t  and r e n t .  Where p r oduc t i on  
c o n d i t i o n s  a r e  such  t h a t  c o s t  i n c r e a s e s  w i t h  d e p l e t i o n ,  r e n t  
behaves e r r a t i c a l l y ,  and ,  i f  c o s t  i n c r e a s e s  s u f f i c i e n t l y ,  u l t i -  
ma t e ly  f a l l s  t o  z e r o .  On t h e  o t h e r  hand, where c o s t  does  n o t  
i n c r e a s e  w i th  d e p l e t i o n ,  r e n t  r i s e s  smoothly.  Once a g a i n ,  t h e n ,  
p r i c e  i s  t h e  p r e f e r r e d  measure,  s i n c e  it i s  i n  bo th  c a s e s  nega- 
t i v e l y  r e l a t e d  t o  s t o c k  s i z e .  T h i s  s u g g e s t s  one o t h e r  d e s i r -  
a b l e  p r o p e r t y ,  h i n t e d  a t  e a r l i e r ,  f o r  an  economic measure: 
t h a t  i t  be r e l a t e d  t o  s t o c k  changes i n  an  i n t u i t i v e l y  p l a u s i b l e  
way. 
The p l an  o f  t h e  pape r  i s  a s  f o l l ows .  I n  t h e  nex t  s e c t i o n ,  
some e l emen t s  o f  a  model of op t ima l  e x t r a c t i o n  a r e  set o u t .  
S e c t i o n  3 f o c u s e s  on t h e  much-discussed u n i t  c o s t  measure,  
n o t i n g  i t s  advan t ages  and d i s a d v a n t a g e s .  S e c t i o n  4 t a k e s  up 
t h e  behavior  o f  r e s o u r c e  r e n t s  and p r i c e s  o v e r  t ime ,  and t h e i r  
r e l a t i o n s h i p s  t o  s t o c k  changes.  F i n a l l y ,  i n  s e c t i o n  5 i n v e s t -  
ment i n  s tock-augmenting e x p l o r a t i o n  is  i n t r oduced  i n t o  t h e  
model. T h i s  ha s  t h e  advantage  o f  l e a d i n g  t o  a  p r a c t i c a l  pro-  
p o s a l  f o r  e s t i m a t i n g  rent-- though it a l s o  r a i s e s  some t r o u b l i n g  
q u e s t i o n s  o f  market  f a i l u r e .  
2 .  OPTIMAL EXTRACTION AND THE RELATIONSHIP AMONG SCARCITY 
MEASURES 
I n  o r d e r  t o  d i s c u s s  s e n s i b l y  t h e  advan t ages  and d i sadvan-  
t a g e s  o f  t h e  a l t e r n a t i v e  c o s t ,  p r i c e ,  and r e n t  measures  o f  s c a r -  
c i t y ,  w e  need a  c l e a r  i d e a  o f  how t h e s e  measures  a r e  r e l a t e d  
t o  each  o t h e r .  A s imp le  model o f  op t ima l  e x t r a c t i o n  by a  com- 
p e t i t i v e  f i r m  can  p rov ide  t h i s . +  F u r t h e r ,  it can  be extended 
t o  show how t h e y  behave a s  a  r e s o u r c e  s t o c k  i s  deple ted- -or  
augmented, a s  th rough  explora t ion- -and  how r e n t ,  o r d i n a r i l y  
ve ry  d i f f i c u l t  t o  obse rve ,  might  be e s t i m a t e d .  Now i f  w e  a r e  
i n t e r e s t e d  i n  s o c i a l  s c a r c i t y - - i . e . ,  s c a r c i t y  t o  s o c i e t y ,  no t  
j u s t  t o  a  s i n g l e  f i r m - - i t  might  seem p r e f e r a b l e  t o  model e x t r a c -  
t i o n  t o  maximize a  ( s o c i a l )  o b j e c t i v e  l i k e  d i s c o u n t e d  a g g r e g a t e  
consumers '  p l u s  p r o d u c e r ' s  s u r p l u s  from t h e  r e s o u r c e .  But a s  
t h e  n e c e s s a r y  c o n d i t i o n s  t h a t  d e l i n e a t e  t h e  r e l a t i o n s  between 
c o s t ,  p r i c e ,  and r e n t  a r e  t h e  same i n  e i t h e r  c a s e ,  under  s t a n -  
d a r d  assumpt ions ,  it w i l l  do j u s t  a s  w e l l  t o  a n a l y z e  t h e  s l i g h t l y  
more conven i en t  c a s e  of  t h e  f i r m .+ +  On t h e  o t h e r  hand, when it 
becomes impor t an t  t o  broaden t h e  f o c u s  t o  economy-wide d e p l e t i o n ,  
I s h a l l  do t h i s  e x p l i c i t l y ,  a s  i n  p a r t s  o f  s e c t i o n  4 below. 
+The model i s  based i n  p a r t  on one i n  P e t e r s o n  and F i s h e r  ( 1977 ) .  
++The o r i g i n a l  p roof  o f  something l i k e  t h i s  p r o p o s i t i o n  i s  i n  
H o t e l l i n g  (1931) .  More r e c e n t l y  it has  been extended by 
Schu l ze  (1 974) and Sweeney (1 9 7 6 )  , among o t h e r s .  
A  key c o n s t r u c t  i n  t h e  model i s  a n  e x t r a c t i o n  p r o d u c t i o n  
f u n c t i o n ,  
where  Y i s  e x t r a c t i v e  o u t p u t ,  E i s  e f f o r t  ( a n  i n d e x  o f  l a b o r  
and c a p i t a l )  d e v o t e d  t o  e x t r a c t i o n ,  X i s  t h e  r e s o u r c e  s t o c k ,  
and t i s  t i m e .  The f u n c t i o n  i s  assumed t o  have  t h e  normal  con- 
c a v i t y  i n  E, i . e . ,  
A l s o ,  and v e r y  i m p o r t a n t ,  1 assume a  p o s i t i v e  " s t o c k  e f f e c t "  
o n  o u t p u t ,  i. e . ,  f X  > 0  and f E X  > 0. I n  o t h e r  words ,  w i t h  a  
l a r g e r  s t o c k ,  more o u t p u t  i s  o b t a i n e d  f o r  a  g i v e n  e f f o r t  and  
a l s o  f o r  a  g i v e n  i n c r e m e n t  o f  e f f o r t .  I t  is i n  f a c t  t h i s  s t o c k  
e f f e c t  t h a t  d r i v e s  c o s t s  up  a s  a  r e s o u r c e  i s  d e p l e t e d .  I t  i s  
p o s s i b l e  t o  t h i n k  o f  p r o c e s s e s  t h a t  d o  n o t  e x h i b i t  t h e  p r o p e r t y - -  
f o r  example t h e  e x t r a c t i o n  o f  s a l t s  from s e a  wa te r - -bu t  t h e y  a r e  
n o t  t y p i c a l .  As John  S t u a r t  M i l l  o b s e r v e d ,  m i n e r a l  e x t r a c t i o n  
c o s t s  r i s e  b e c a u s e  " s h a f t s  must  be  sunk d e e p e r ,  g a l l e r i e s  d r i v e n  
f u r t h e r " ,  and s o  0 n . t  S i m i l a r l y ,  f o r  t h e  most  i m p o r t a n t  r e s o u r c e  
i n  v a l u e  terms, o i l ,  d e c r e a s i n g  p r e s s u r e  a s  a  w e l l  i s  d e p l e t e d  
r e q u i r e s  i n c r e a s i n g  i n p u t s  o f  e f f o r t .  I emphas ize  a l l  t h i s  
b e c a u s e  many, i f  n o t  mos t ,  o f  t h e  r e c e n t  c o n t r i b u t i o n s  t o  t h e  
t h e o r e t i c a l  l i t e r a t u r e  o n  n a t u r a l  r e s o u r c e  d e p l e t i o n  assume,  
e x p l i c i t l y  o r  o t h e r w i s e ,  no s u c h  s t o c k  e f f e c t - - i n  t e r m s  o f  o u r  
model ,  f X  E f E X  0. T h i s ,  i n  t u r n ,  h a s ,  a s  w e  s h a l l  see, i m p l i -  
c a t j . o n s  f o r  t h e  b e h a v i o r  o f  r e n t s  and p r i c e s ,  a s  w e l l  a s  c o s t s ,  
a s  a  r e s o u r c e  is  d e p l e t e d .  
The f i r m ' s  o b j e c t i v e  i s  t o  maximize t h e  p r e s e n t  d i s c o u n t e d  
v a l u e  o f  i t s  p r o f i t s  from s a l e s  o f  t h e  r e s o u r c e .  I t  d o e s  t h i s  
by c h o o s i n g  a  p a t h  o f  e x t r a c t i o n  s u b j e c t  t o  n o n n e q a t i v i t y  r e -  
s t r i c t i o n s  o n  e f f o r t ,  E  , 0 ,  and  t o  t h e  f i n i t e  s t o c k  c o n s t r a i n t ,  
+The q u o t a t i o n  from M i l l  is  t a k e n  f rom B a r n e t t  and Morse ( 1 9 6 3 ) ,  
p .  67. 
where X ( 0 )  is t h e  i n i t i a l  s t o c k .  t D i f f e r e n t i a t i n g  e q u a t i o n  ( 2 )  
w i t h  r e s p e c t  t o  t i m e  w e  o b t a i n  t h e  sys tem e q u a t i o n  f o r  t h e  s t a t e  
v a r i a b l e  X ,  
The f o r m a l  s t a t e m e n t  o f  t h e  f i r m ' s  problem is 
-- 
max I [Pf ( E , X , t )  - WE] e - r td t  , 
0 
s u b j e c t  t o  t h e  n o n n e g a t i v i t y  r e s t r i c t i o n s  and t h e  sys tem equa- 
t i o n  ( 3 ) ,  where P  is  t h e  p r i c e  o f  t h e  r e s o u r c e  ( a  paramete r  t o  
t h e  c o m p e t i t i v e  f i r m ) ,  W i s  t h e  wage o f  e f f o r t ,  and r is t h e  
r a t e  o f  d i s c o u n t .  
The problem i s  now i n  a  form s u i t e d  t o  t h e  a p p l i c a t i o n  of 
t h e  maximum p r i n c i p l e  o f  P o n t r y a g i n  e t  a l .  ( 1  962) . The 
Hami l ton ian  e q u a t i o n  is  
where q  is  t h e  c o s t a t e  v a r i a b l e  a t t a c h e d  t o  t h e  c o n s t r a i n t  on 
t h e  s t a t e  v a r i a b l e  X .  I t  may be i n t e r p r e t e d ,  a s  i n  o t h e r  con- 
s t r a i n e d  maximiza t ion  problems,  a s  t h e  change i n  t h e  o p t i m a l  
v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  r e s u l t i n g  from a  s m a l l  change 
i n  t h e  c o n s t r a i n t .  I n  p a r t i c u l a r  i n  t h i s  problem q ( t )  i s  t h e  
e f f e c t  on  ( d i s c o u n t e d )  f u t u r e  p r o f i t s  o f  removing a  u n i t  o f  t h e  
r e s o u r c e  from t h e  s t o c k  a t  t i m e  t .+t  The maximum p r i n c i p l e  
s t a t e s  t h a t  t h e  c o n t r o l  v a r i a b l e  E  must be chosen  t o  maximize H .  
D i f f e r e n t i a t i n g  H w i t h  r e s p e c t  t o  E  we o b t a i n  
t F o r  t h e  t i m e  b e i n g  I assume a  known, i n i t i a l  s t o c k  t o  be 
d e p l e t e d ,  w i t h  no p o s s i b i l i t y  o f  augmenta t ion  a s  t h r o u g h  
e x p l o r a t i o n .  
t t F o r  a n  i n t e r p r e t a t i o n  o f  d u a l  v a r i a b l e s  a s  shadow p r i c e s  i n  
n o n l i n e a r  programming, s e e  B a l i n s k i  and Baumol ( 1 9 6 8 ) .  
and,  i g n o r i n g  c o r n e r  s o l u t i o n s  and s e t t i n g  t h e  r e s u l t  equa l  t o  
z e r o ,  
T h i s  i s  an  impor tan t  r e s u l t ,  bu t  b e f o r e  I d i s c u s s  it l e t  me 
b r i e f l y  say  something about  t h e  t e chn ique  used t o  o b t a i n  i t . t  
The b a s i c  p r i n c i p l e  i s  t h a t  w e  s o l v e  a  compl ica ted  problem-- 
choos ing  a n  e n t i r e  t ime  p a t h  of  a  va r i ab l e - - by  b r eak ing  it down 
i n t o  a  s e r i e s  o f  s imple  ones ,  choos ing ,  i n  each  s h o r t  i n t e r v a l  
o f  t i m e ,  a  d e s i r e d  l e v e l  f o r  t h e  v a r i a b l e .  
The n e t  r e t u r n  o r  p r o f i t  t o  t h e  r e s o u r c e - e x t r a c t i n g  f i r m ,  
i n  a  s h o r t  i n t e r v a l  d t ,  is  (PY - WE)dt. The c h o i c e  of E  i n  t h e  
i n t e r v a l  should  o b v i o u s l y  be  i n f l u e n c e d  by i t s  impact on  t h i s  
q u a n t i t y .  But it should  no t  be  i n£  luenced  s o l e l y  by t h i s ,  
because  it a l s o  h a s  a n  impact ,  a s  seen  from e q u a t i o n s  ( 1 )  and 
( 3 ) ,  on d e p l e t i o n  of  t h e  s t o c k .  T h i s  i s  e s s e n t i a l l y  what equa- 
t i o n  ( 5 )  , t h e  Hamil tonian,  s u g g e s t s .  The r i gh t - hand  s i d e  of  
e q u a t i o n  ( 5 ) ,  (PY -WE - q ~ ) e - r t ,  i s  j u s t  t h e  ( r a t e  o f )  f low of  
p r o f i t  due t o  c u r r e n t  e x t r a c t i o n  (PY - WE), p l u s  t h e  ( n e g a t i v e )  
v a l u e ,  i n  t e rms  o f  t h e  o b j e c t i v e  f u n c t i o n ,  of d e p l e t i o n  of  t h e  
s t o c k  due t o  c u r r e n t  e x t r a c t i o n ,  qY--all  a p p r o p r i a t e l y  d i s -  
counted  back t o  t = 0. C e n t r a l  t o  t h i s  e x p l a n a t i o n  i s  o f  
c o u r s e  t h e  i n t e r p r e t a t i o n  of q  a s  t h e  e f f e c t  on t h e  o b j e c t i v e  
f u n c t i o n  of  removing a  u n i t  o f  t h e  r e s o u r c e  from t h e  s t o c k ,  
where Y r e p r e s e n t s  t h e  number o f  u n i t s  removed. 
Now l e t  u s  r e t u r n  t o  e q u a t i o n  ( 7 ) .  What it t e l l s  u s  i s  
t h a t ,  a t  a l l  p o i n t s  a l ong  t h e  f i r m ' s  op t ima l  e x t r a c t i o n  pa th ,  
t h e  marke t  p r i c e  P  i s  equa ted  t o  t h e  sum of  t h e  m a r g i n a l  c o s t  
of c u r r e n t  e x t r a c t i o n ,  W/YE, and t h e  marg ina l  l o s s  i n  p r o f i t  
from f h t u r e  e x t r a c t i o n ,  q .  Note t h a t  had w e  assumed t h e  f i r m  
t o  choose E  t o  maximize c u r r e n t  r e t u r n ,  t h e  r e s u l t i n g  nece s s a r y  
c o n d i t i o n  would have been t h e  conven t i ona l  P  = W/YE, o r  p r i c e  
e q u a l s  ma rg ina l  c o s t .  Note a l s o  t h a t  t h e  d ive r gence  of  p r i c e  
from marg ina l  c o s t  i n  a  r e s o u r c e  market  does  n o t  a r i s e  from any 
market  impe r f ec t i on .  
I have a l r e a d y  g ive n  a  coup l e  of i n t e r p r e t a t i o n s  o f  t h e  
c o s t a t e  v a r i a b l e  q .  Now l e t  me g i v e  a n o t h e r :  q  i s  t h e  r e n t  t o  
a  u n i t  o f  t h e  r e s o u r c e ,  t h e  d i f f e r e n c e  between what i s  r e c e i v e d  
by t h e  r e s o u r c e  owner,  P,  and what i s  p a i d  o u t  t o  c o n t r a c t u a l  
?For f u r t h e r  d e t a i l s  s e e  t h e  i n t u i t i v e  development of Dorfman 
(1 969) and t h e  more r i g o r o u s  one of  Arrow and Kurz ( 1970 ) .  
i n p u t s ,  VJ/YE.t So we have t h e  f o l l o w i n g  s i m p l e  r e l a t i o n s h i p  
between c o s t ,  p r i c e ,  and r e n t :  p r i c e  e q u a l s  m a r g i n a l  c o s t  p l u s  
r e n t ,  where  q ,  t h e  r e n t ,  i s  o u r  d e s i r e d  measure  o f  t h e  i n d i r e c t  
o r  o p p o r t u n i t y  c o s t  o f  r e s o u r c e  e x t r a c t i o n .  
T h i s  would seem t o  se t t l e  t h e  q u e s t i o n  o f  which measure  of  
s c a r c i t y  is  " b e s t " .  P r i c e ,  which r e f l e c t s  b o t h  t h e  d i r e c t  and 
i n d i r e c t  s a c r i f i c e s  r e q u i r e d  t o  o b t a i n  a  u n i t  o f  t h e  r e s o u r c e ,  
would s e e m  t o  f i t  t h e  b i l l .  But h e r e  I am g o i n g  t o  g e t  v e r y  
s l i p p e r y  and s u g g e s t  t h a t  it depends on  what one means by " re -  
s o u r c e " .  Is a  r e s o u r c e  t h e  raw m a t e r i a l  i n  t h e  ground? O r  i s  
it t h e  e x t r a c t e d ,  o r  e x t r a c t e d  and c o n v e r t e d ,  p r o d u c t ?  I f  t h e  
l a t t e r ,  t h e n  p r i c e  i s  t h e  a p p r o p r i a t e  measure  o f  s c a r c i t y .  But 
i f  t h e  f o r m e r ,  a s  Brown and F i e l d  (1 976) a r g u e ,  t h e  e x t r a c t i o n -  
c o s t  component of  p r i c e  i s  n o t  r e l e v a n t  and r e n t  i s  t h e  appro-  
p r i a t e  m e a s u r e . t t  
However o n e  v iews  t h i s  m a t t e r ,  r e n t  c l e a r l y  h a s  a  r o l e  i n  
any a s s e s s m e n t  o f  s c a r c i t y .  But a s  I s h a l l  show i n  s e c t i o n  4  
below, r e n t  a s  a n  i n d i c a t o r  o f  s c a r c i t y  h a s  t h e  d i s t u r b i n g  
p r o p e r t y  o f  sometimes d e c r e a s i n g  a s  t h e  r e s o u r c e  s t o c k  d e c r e a s e s .  
I n  s e c t i o n  4  I s p e l l  o u t  t h e  c i r c u m s t a n c e s  i n  which t h i s  c a n  
o c c u r .  But  f i r s t ,  I c o n s i d e r  some problems w i t h  t h e  u n i t  c o s t  
measure .  
3. PROBLEMS WITH THE UNIT COST MEASURE 
B e f o r e  t u r n i n g  t o  t h e  problems w i t h  u n i t  c o s t ,  l e t  me s t a r t  
o n  a  p o s i t i v e  n o t e .  T h i s  measure ,  a s  Morse (1976) h a s  o b s e r v e d ,  
i s  s u g g e s t e d  by t h e  c l a s s i c a l  e c o n o m i s t s '  c o n c e r n  t h a t  t h e  n a t -  
u r a l  r e s o u r c e  s e c t o r  would draw e v e r  i n c r e a s i n g  amounts o f  l a b o r  
and c a p i t a l  from o t h e r  s e c t o r s ,  e x e r t i n g  a  d r a g  on growth.  T h i s  
seems t o  m e  a  r e a s o n a b l e  c o n c e r n ,  and s u f f i c i e n t  m o t i v a t i o n  f o r  
t h e  c o s t  c a l c u l a t i o n s  r e p o r t e d  by B a r n e t t  and Morse (1963) and 
B a r n e t t  (1 976) . I t  i s  t r u e ,  a s  Brown and F i e l d  (1 976) have 
p o i n t e d  o u t ,  t h a t  a s  r i c h e r  d e p o s i t s  o f  a  m i n e r a l  a r e  d e p l e t e d ,  
t e c h n i c a l  change i n  methods o f  e x t r a c t i o n  and c o n v e r s i o n  c a n  
o f f s e t  t h e  t endency  t o  h i g h e r  c o s t s  t h a t  would o t h e r w i s e  r e s u l t  
from t h e  movement t o  t h i n n e r  d e p o s i t s .  The same s o r t  o f  o f f -  
s e t t i n g  e f f e c t  h a s  p r o b a b l y  a l s o  been produced by economies o f  
s c a l e  i n  working t h e  t h i n n e r  d e p o s i t s ,  which t y p i c a l l y  o c c u r  i n  
l a r g e r  c o n c e n t r a t i o n s .  But  i n  any e v e n t  it seems l e g i t i m a t e  t o  
t r y  t o  s o r t  o u t  t h e s e  s e v e r a l  e f f e c t s .  C e t e r i s  p a r i b u s ,  it 
s h o u l d  b e  t r u e  t h a t  d e p l e t i o n  o f  h i g h e r  g r a d e  o r e s  l e a d s  t o  a  
rise i n  t h e  u n i t  c o s t  o f  m i n e r a l  p r o d u c t i o n .  The p o t e n t i a l  f o r  
t e c h n i c a l  change and economies of  s c a l e  i s  n o t  i n c o n s i s t e n t  w i t h  
t S t i l l  a n o t h e r  t e r m  f o r  q  i s  m a r g i n a l  u s e r  c o s t ,  due  t o  S c o t t  
( 1 9 5 3 ) .  I t  c o r r e s p o n d s  a l s o  t o  Nordhaus ' s  (1973a)  r o y a l t y ,  
and  S o l o w ' s  (1974a)  n e t  p r i c e .  
t t T h i s  d i s t i n c t i o n  i s  drawn a l s o  by Smith ( 1 9 7 6 ) .  
t h i s  p r o p o s i t i o n ,  and indeed  i s  wor th  e x p l o r i n g ,  n o t  o n l y  f o r  
t h e  purpose  o f  i n t e r p r e t i n g  o u r  c o s t  d a t a ,  b u t  a l s o  f o r  what it 
c a n  t e l l  u s  a b o u t  t h e s e  p r o c e s s e s  i n  t h e  n a t u r a l  r e s o u r c e  s e c t o r  
and i n  t h e  economy g e n e r a l l y .  
I d o  however s e e  a  number o f  d i f f i c u l t i e s  w i t h  t h e  u n i t  
c o s t  measure ,  b o t h  t h e o r e t i c a l  and e m p i r i c a l .  One i s  t h a t  u n i t  
c o s t s  o f  p r o d u c t i o n  ( o r  e x t r a c t i o n )  d o  n o t  r e f l e c t  a n t i c i p a t e d  
f u t u r e  s c a r c i t y .  I t  i s  p e r f e c t l y  p o s s i b l e ,  i n  t h e o r y ,  f o r  u n i t  
c o s t s  t o  remain s t a b l e - - a n d  a t  a  v e r y  low l e v e l - - a s  a  r e s o u r c e  
a p p r o a c h e s  e x h a u s t i o n .  Now it must b e  n o t e d  t h a t  t h i s  phenom- 
enon i s  more a  f e a t u r e  o f  h i g h l y  s i m p l i f i e d  n e o c l a s s i c a l  models  
o f  o p t i m a l  e x t r a c t i o n  t h a n  one  o f  e x t r a c t i o n  i n  t h e  r e a l  world .  
There ,  a s  I have s u g g e s t e d  e a r l i e r ,  f o l l o w i n g  M i l l ,  a  p o s i t i v e  
s t o c k  e f f e c t  ( f X  > 0, f E X  > 0)  means t h a t  c o s t s  w i l l  r i s e  a s  
t h e  s t o c k  i s  d e p l e t e d .  To s e e  how t h i s  works ,  r e c a l l  t h a t  mar- 
g i n a l  e x t r a c t i o n  c o s t  i s  g i v e n ,  i n  o u r  model,  by t h e  e x p r e s s i o n  
W/fE. Now, a s  X d e c r e a s e s ,  f  d e c r e a s e s :  E  
s o  t h e  m a r g i n a l  c o s t  i s  d r i v e n  up. C o n v e r s e l y ,  a n  i n c r e a s e  i n  
X--caused f o r  example by new i n f o r m a t i o n  s u g g e s t i n g  t h a t  a  
r e s o u r c e  d e p o s i t  i s  l a r g e r  t h a n  o r i g i n a l l y  b e l i e v e d ,  o r  by 
t e c h n i c a l  change  t h a t  c r e a t e s  r e s e r v e s  o u t  o f  f o r m e r l y  uneconomic 
m a t e r i a l s - - r e s u l t s  i n  an  i n c r e a s e  i n  f E  and c o n s e q u e n t l y  a  
d e c r e a s e  i n  m a r g i n a l  c o s t  W/fE. But it must be acknowledged 
t h a t  f u t u r e  s c a r c i t y  i s  n o t  e x p l i c i t l y  c a p t u r e d  by any measure  
o f  c u r r e n t  e x t r a c t i o n  c o s t s .  A p o s i t i v e  s t o c k  e f f e c t  m e r e l y  
pushes  it i n  t h e  r i g h t  d i r e c t i o n .  
Another  d i f f i c u l t y  w i t h  u n i t  c o s t ,  an  e m p i r i c a l  o n e ,  is 
t h a t  it i s  n o t  r e a d i l y  observed .  I t  must be c o n s t r u c t e d ,  a s  
B a r n e t t  and Morse (1963)  have done,  from s e r i e s  on  l a b o r  and 
c a p i t a l  i n p u t s  and e x t r a c t i v e  o u t p u t s .  T h i s  g i v e s  r ise  t o  prob- 
lems o f  a g g r e g a t i o n .  One, w e l l  known from i n v e s t i g a t i o n s  i n  
a n o t h e r  b ranch  o f  economics ,  i s :  how i s  h e t e r o g e n e o u s  c a p i t a l  
t o  b e  a g g r e g a t e d  i n t o  a  s i n g l e  i n p u t  s e r i e s ?  Another ,  no ted  by 
Brown and F i e l d  ( 1 9 7 6 ) ,  h a s  t o  do  w i t h  t h e  a g g r e g a t i o n  o f  t h e  
v a r i o u s  i n p u t  s e r i e s :  "whereas  t h e  m e t a l s  o u t p u t  s e r i e s  [ i n  
B a r n e t t  and blorse] a p p e a r s  t o  be a t  t h e  e x t r a c t i v e  l e v e l ,  t h e  
m e t a l s  employment d a t a  i n c l u d e s  some unde te rmined  f r a c t i o n s  of  
workers  i n  t h e  s e p a r a t e  p r o c e s s i n g  s e c t o r s "  ( p . 9 ) .  These a r e  
s e r i o u s  problems.  The mora l ,  I t h i n k ,  is  n o t  t h a t  w e  s h o u l d  
abandon c o s t  e s t i m a t i o n ,  b u t  s i m p l y  t h a t  we r e c o g n i z e  t h a t  it 
may n o t  b e  a  s t r a i g h t f o r w a r d  p r o c e d u r e .  
Resource  S c a r c i t y  and t h e  Fnvironment  
But  p e r h a p s  t h e  most s e r i o u s  d i f f i c u l t y  w i t h  t h i s  measure ,  
and o n e  t h a t  was emphasized a t  t h e  r e c e n t  Resources  f o r  t h e  
F u t u r e  Forum on t h e  Economics o f  N a t u r a l  Resource  S c a r c i t y , +  
i s  t h a t  it d o e s  n o t  f u l l y  r e f l e c t  t h e  e f f e c t s  o f  r e s o u r c e  u s e  
o n  t h e  env i ronment .  T h i s  i s  n o t  a  new p o i n t .  B a r n e t t  and 
Morse ( 1 9 6 3 ) ,  i n  t h e i r  p a t h b r e a k i n g  s t u d y  o f  t r e n d s  i n  u n i t  
c o s t s  and p r i c e s  o f  s c a p e  d i s f i g u r e m e n t ,  were  n o t  r e f l e c t e d  i n  
t h e i r  c a l c u l a t i o n s .  I f ,  a s  many p e o p l e  b e l i e v e - - t h o u g h  t h e  
t i m e  s e r i e s  e v i d e n c e  i s  scan ty - - such  d i s r u p t i o n s  o f  t h e  e n v i r o n -  
ment have  been  growing o v e r  t i m e ,  t h e n  r e s u l t s  l i k e  t h o s e  o f  
B a r n e t t  a n d  Morse,  which i n d i c a t e  a  r e l a t i v e  d e c l i n e  i n  t h e  
u n i t  c o s t  o r  p r i c e  o f  e x t r a c t i v e  o u t p u t ,  need t o  be  r e c o n s i d e r e d .  
T h a t  i s ,  a l t h o u g h  t h e  p r i v a t e  c o s t  h a s  d e c l i n e d ,  t h e  s o c i a l  c o s t  
may n o t  have .  Note ,  by t h e  way, t h a t  f a i l u r e  t o  r e f l e c t  e n v i r o n -  
m e n t a l  e f f e c t s  i s  a  problem f o r  any  c o n v e n t i o n a l  measure  o f  s c a r -  
c i t y .  I d i s c u s s  it h e r e  b e c a u s e  it h a s  r e c e n t l y  ( s e e  f o o t n o t e )  
r e c e i v e d  a t t e n t i o n  w i t h  r e s p e c t  t o  c o s t  measures .  
B a r n e t t  (1976)  h a s  i n  f a c t  r e c o n s i d e r e d  t h i s  q u e s t i o n ,  and 
p r o v i d e s  a  p a r t i a l  answer  t o  t h e  c o n c e r n  a b o u t  e n v i r o n m e n t a l  
c o s t .  Recogniz ing  t h e  d i f f i c u l t y  o f  e s t i m a t i n g  p o l l u t i o n  dam- 
a g e s ,  h e  l o o k s  a t  c u r r e n t  and p r o j e c t e d  f u t u r e  c o s t s  o f  a b a t e -  
ment i m p l i e d  by t h e  r e c e n t  c l e a n  a i r  and w a t e r  s t a n d a r d s  o f  t h e  
U.S. Env i ronmenta l  P r o t e c t i o n  Agency. Of c o u r s e ,  even w i t h  
t h e s e  s t a n d a r d s  t h e r e  w i l l  r emain  some p o l l u t i o n  and o t h e r  e n v i -  
r o n m e n t a l  d i s r u p t i o n .  But l a y i n g  t h e s e  a s i d e  f o r  t h e  moment, 
wha t  c a n  b e  s a i d  a b o u t  t h e  c o s t s  o f  a c h i e v i n g  t h e  s t a n d a r d s ?  
It t u r n s  o u t  t h a t ,  a l t h o u g h  t h e s e  c o s t s  a r e  g rowing  b o t h  abso-  
l u t e l y  ( i n  1974 d o l l a r s )  and r e l a t i v e l y  ( t o  GNP), t h e y  w i l l  
s t i l l  be  q u i t e  s m a l l  ( 3 %  o f  GNP) by t h e  y e a r  2 0 0 0 .  P u t  a n o t h e r  
way, "we would have  t o  g i v e  up less t h a n  a  t e n t h  o f  one  p e r c e n t -  
a g e  p o i n t  i n  a n n u a l  g rowth  o f  n a t i o n a l  o u t p u t  t o  pay f o r  t h i s  
a c t i v e  a b a t e m e n t  p o l i c y "  ( p .  3 - 1 ) .  
T h i s  r e l a t i v e l y  complacen t  view c a n  be c h a l l e n g e d  on a  
number o f  g r o u n d s .  The b a s i c  problem,  a s  it h a s  been s t a t e d  by 
K r u t i l l a  (19761, is  t h a t  t o  u s e  a n  e x t r a c t i v e  n a t u r a l  r e s o u r c e  
l i k e  c o a l ,  s a y ,  it i s  g e n e r a l l y  n e c e s s a r y  a l s o  t o  u s e  a  common 
p r o p e r t y  r e s o u r c e ,  l i k e  a i r  o r  w a t e r .  I m p l i c i t  i n  B a r n e t t ' s  
c a l c u l a t i o n s  i s  t h e  p o s s i b i l i t y  o f  uncoupl ing  t h e s e  j o i n t  pro-  
d u c t s .  T h a t  i s ,  t h e  i d e a  is  t h a t  it s h o u l d  be  p o s s i b l e  t o  pro-  
d u c e  and consume i n c r e a s i n g  t o n n a g e s  o f  c o a l  w i t h o u t  a t  t h e  same 
t i m e  "consuming" i n c r e a s i n g  amounts o f  c l e a n  a i r .  T h i s  seems 
p l a u s i b l e  w i t h  r e s p e c t  t o  many c o n v e n t i o n a l  p o l l u t a n t s ,  s u c h  a s ,  
f o r  example ,  l a r g e  p a r t i c u l a t e s  from c o a l  b u r n i n g  power p l a n t s .  
But i f  K r u t i l l a ' s  p 7 i n t  h a s  any  f o r c e ,  it i s  p r e c i s e l y  t h a t  
t h e r e  may b e  a  r a t h e r  r i g i d  r e l a t i o n s h i p  between goods  and come 
b a d s .  Again t a k i n g  c o a l  a s  o u r  example,  t h e  b u i l d u p  o f  c a r b o n  
- 
tForum o n  t h e  Economics o f  N a t u r a l  Resource  S c a r c i t y ,  Resources  
f o r  t h e  F u t u r e ,  Washington,  D . C . ,  October  18-19, 1976. 
d i o x i d e  i n  t h e  a tmosphere  d u e  t o  t h e  combust ion of  c o a l  (and 
o t h e r  f o s s i l  f u e l s )  may b e  a  problem t h a t  c a n n o t  be d e a l t  w i t h  
by any c o n c e i v a b l e  aba tement  t e c h n o l o g y  because  it p r o c e e d s  from 
t h e  b a s i c  c h e m i s t r y  o f  c o m b u s t i o n . t  I n  f a c t ,  t h i s  i s  r e c o g n i z e d  
by B a r n e t t ,  a l o n g  w i t h  r a d i a t i o n  and n u c l e a r  w a s t e  s t o r a g e ,  a s  
a  p o s s i b l e  e x c e p t i o n  t o  h i s  b road  c o n c l u s i o n  t h a t  p o l l u t i o n  c a n  
b e  t a k e n  c a r e  o f  by a  growing GNP. 
Mention of r a d i a t i o n  and n u c l e a r  w a s t e  s u g g e s t s  a  more 
g e n e r a l  p o i n t .  T e c h n i c a l  change ,  which a s  documented by B a r n e t t  
and Morse and o t h e r s  h a s  p l a y e d  such a n  i m p o r t a n t  r o l e  i n  r e l a x -  
i n g  n a t u r a l  r e s o u r c e  c o n s t r a i n t s ,  h a s  i n  some ways p u t  more o f  
a  burden  on t h e  environment .  We a r e  now becoming c o n c e r n e d ,  
f o r  example,  a b o u t  t r a c e  m e t a l s  and o t h e r  new and e x o t i c  chemi- 
c a l  c o n t a m i n a n t s ,  p o s s i b l e  c a r c i n o g e n s ,  i n  d r i n k i n g  w a t e r  and 
some a g r i c u l t u r a l  p r o d u c t s ,  a s  s t r e s s e d  by Page ( 1 9 7 6 ) .  Some 
o f  t h e s e  s u b s t a n c e s  may b e  s u f f i c i e n t l y  t o x i c  t h a t  v i r t u a l l y  
comple te  aba tement ,  o r  p r o h i b i t i o n  o f  d i s c h a r g e ,  w i l l  b e  re- 
q u i r e d  by t h e  a u t h o r i t i e s  concerned .  And comple te  aba tement  
c a n  of  c o u r s e  be v e r y  c o s t l y .  A c l o s e l y  r e l a t e d  p o i n t  h a s  t o  
do w i t h  t h r e s h o l d  l e v e l s  f o r  v a r i o u s  p o l l u t a n t s .  A s  s u g g e s t e d  
by Mishan ( 1  976) , ozone d e p l e t i o n  and o i l  i n  t h e  o c e a n s ,  t o  
t a k e  two examples ,  may n o t  r e g i s t e r  u n t i l  c r i t i c a l  a c c u m u l a t i o n s  
have been r e a c h e d .  N e i t h e r  t h e  damages n o r  t h e  c o s t s  o f  p r e -  
v e n t i n g  them w i l l  be t a k e n  i n t o  a c c o u n t  by c a l c u l a t i o n s  l i k e  
t h o s e  p r e s e n t e d  e a r l i e r  i n  t h i s  s e c t i o n .  
B a r n e t t  h a s  s u g g e s t e d  an  answer t o  t h e  c o n c e r n s  a b o u t  
i n c r e a s i n g  amounts o f  c o n v e n t i o n a l  p o l l u t i o n ,  which may be 
a p p l i c a b l e  t o  t h e  newer,  more e x o t i c  fo rms  a s  w e l l .  I t  is t h a t ,  
j u s t  a s  s u b s t i t u t i o n  i n  p r o d u c t i o n  and consumption,  and t e c h -  
n i c a l  change ,  have p r e v e n t e d  t h e  u n i t  c o s t s  o f  e x t r a c t i v e  o u t -  
p u t  from r i s i n g ,  t h e y  may do  t h e  same f o r  p o l l u t i o n  aba tement .  
I n  o r d e r  t o  meet a  g i v e n  a i r  q u a l i t y  s t a n d a r d ,  f o r  example,  it 
w i l l  n o t  b e  n e c e s s a r y  t o  remove an  e v e r  i n c r e a s i n g  p r o p o r t i o n  
o f  t h e  s u l f u r  from c o a l .  I n s t e a d ,  c l e a n e r  s o u r c e s  o f  power may 
be s u b s t i t u t e d  f o r  c o a l  o v e r  t i m e ,  a  l e s s  e n e r g y - i n t e n s i v e  mix 
o f  goods may b e  consumed, o r  pe rhaps  t h e  s u l f u r  c a n  b e  removed 
c h e a p l y  from t h e  c o a l  w i t h  t h e  a i d  o f  a  new t e c h n o l o g y  deve loped  
f o r  t h e  purpose .  
A r e s o u r c e  o p t i m i s t  would emphasize  t h i s  l i n e  o f  r e a s o n i n g ,  
a l o n g  w i t h  t h e  r e l a t i v e l y  modest c o s t s  o f  a c h i e v i n g  a  s u b s t a n t i a l  
d e g r e e  o f  c l e a n u p  even w i t h  c u r r e n t l y  known t e c h n o l o g i e s .  A 
r e s o u r c e  p e s s i m i s t ,  o n  t h e  o t h e r  hand, would p e r h a p s  b e  impressed  
by t h e  d i f f i c u l t y  i n  b r e a k i n g  t h e  h i s t o r i c a l  l i n k s  between con- 
sumption o f  e x t r a c t i v e  and common p r o p e r t y  r e s o u r c e s ,  and a l s o  
w i t h  t h e  d a n g e r s  posed by some of  t h e  newer p o l l u t a n t s ,  which 
t F o r  a  d i s c u s s i o n  o f  r e l a t i o n s h i p s  between f o s s i l  f u e l  com- 
b u s t i o n ,  c a r b o n  d i o x i d e  i n  t h e  a tmosphere ,  and g l o b a l  c l i m a t e ,  
s e e  Nordhaus (1  976) . 
may b e  h i g h l y  t o x i c  even i n  minu te  q u a n t i t i e s .  It seems f a i r  
t o  say  t h a t ,  i n  d e t e r m i n i n g  t o  what e x t e n t  c o n v e n t i o n a l  measures  
o f  t h e  c o s t  o f  e x t r a c t i v e  o u t p u t  may need t o  be m o d i f i e d  t o  r e -  
f l e c t  e n v i r o n m e n t a l  c o n c e r n s ,  we a r e  c o n f r o n t e d  w i t h  a  major  
r e s e a r c h  t a s k .  I t h i n k  t h e  key ques t ion- -and  it  i s  an  e m p i r i c a l  
o n e - - i s ,  t o  what e x t e n t  c a n  p r o c e s s e s  g e n e r a t i n g  t h e  "new p o l l u -  
t i o n "  be s u b s t i t u t e d  away from, t h r o u g h  t e c h n i c a l  change o r  
o t h e r w i s e ?  
4 .  THE BEHAVIOR OF RENTS AND PRICES OVER TIME 
The r e s u l t  t h a t  r e n t  need n o t  rise a t  t h e  r a t e  of  i n t e r e s t ,  
o r  even m o n o t o n i c a l l y  a s  a  r e s o u r c e  is  d e p l e t e d ,  f o l l o w s  a l m o s t  
immedia te ly .  To s e e  t h i s ,  c o n s i d e r  t h e  e q u a t i o n  f o r  t h e  evo lu-  
t i o n  o f  t h e  shadow p r i c e  o r  r e n t ,  q ,  i n  t h e  mode1:t 
S u b s t i t u t i n g  f o r  HX,  t h e  p a r t i a l  d e r i v a t i v e  o f  H ( where H = ~ e ~ ~ )  
w i t h  r e s p e c t  t o  X I  and r e a r r a n g i n g  t e r m s ,  we o b t a i n  
I n  o t h e r  words ,  t h e  r a t e  o f  change of  r e n t ,  q /q ,  i s  e q u a l  t o  
t h e  r a t e  o f  i n t e r e s t ,  r ,  o n l y  i f  t h e r e  i s  no s t o c k  e f f e c t - - i . e . ,  
o n l y  i f  YX = 0--or i f  t h e r e  i s  no m a r g i n a l  e x t r a c t i o n  c o s t ,  i .e . ,  
P  = q .  I n  t h e  g e n e r a l  c a s e  i n  which t h e s e  c o n d i t i o n s  d o  n o t  
h o l d ,  what  d o e s  e q u a t i o n  ( 9 )  t e l l  u s  a b o u t  t h e  b e h a v i o r  of  r e n t  
o v e r  t i m e ?  Assuming YX > 0, and s i n c e  P > q ,  t h e  r i g h t - h a n d  
s i d e  o f  e q u a t i o n  ( 9 )  must b e  less t h a n  r .  The p u r e  r e t u r n  t o  
h o l d i n g  a  u n i t  o f  t h e  r e s o u r c e  i n  t h e  s t o c k  o v e r  a  s h o r t  i n t e r v a l  
o f  t i m e ,  q/q, i s  l e s s  t h a n  t h e  r e t u r n  on an a l t e r n a t i v e  i n v e s t -  
ment ,  g i v e n  by r ,  b e c a u s e  t h e r e  i s  v a l u e ,  i n  t h e  form o f  reduced  
e x t r a c t i o n  c o s t s ,  t o  h o l d i n g  a  u n i t  " i n  t h e  g round" .  And n o t e  
t h a t  t h e  r a t e  o f  change o f  q  n o t  o n l y  i s  n o t  e q u a l  t o  r ,  i n  
g e n e r a l ;  i t  may even become n e g a t i v e .  
I t h i n k  t h e s e  r e s u l t s  a r e  wor th  emphasizing b e c a u s e  t h e y  
r u n  c o u n t e r  t o  a  f a i r l y  commonly h e l d  n o t i o n  t h a t  i n  a n  o p t i m a l  
program, r e n t ,  o r  t h e  shadow p r i c e  of  a n  e x h a u s t i b l e  r e s o u r c e ,  
+Again,  see Arrow and Kurz (1 970) f o r  a  d e r i v a t i o n  o f  t h i s  
e q u a t i o n .  
rises o v e r  t i m e  a s  t h e  r e s o u r c e  i s  d e p l e t e d ,  and moreover  rises 
a t  p r e c i s e l y  t h e  r a t e  o f  i n t e r e s t .  As I have  shown, t h e  l a t t e r  
w i l l  o c c u r  o n l y  i n  t h e  s p e c i a l  c a s e  i n  which t h e r e  i s  no s t o c k  
e f f e c t .  A s  f o r  t h e  p o s s i b i l i t y  t h a t  r e n t  a s  a n  i n d i c a t o r  of  
s c a r c i t y  i s  n o t  w e l l  behaved,  i .e . ,  d o e s  n o t  r ise  a s  t h e  s t o c k  
s h r i n k s ,  t h i s  c a n  b e  d e m o n s t r a t e d  more s t r i k i n g l y  w i t h  t h e  a i d  
o f  a  s l i g h t l y  d i f f e r e n t  model and d i f f e r e n t  d e f i n i t i o n s  of  r e -  
s o u r c e  and r e n t .  
L e t  m e  s t a r t  by r e c a l l i n g  t h e  c l a s s i c  c o n c e p t  of  a  r e s o u r c e  
r e n t ,  d u e  t o  David R i c a r d o .  R i c a r d o  a r g u e d ,  i n  e s s e n c e ,  t h a t  
r e n t  w a s  j u s t  t h e  d i f f e r e n c e  between t h e  payment t o  some r e -  
s o u r c e  i n p u t ,  l i k e  a p a r c e l  o f  good a g r i c u l t u r a l  l a n d ,  and t h e  
( l a b o r  and c a p i t a l )  c o s t s  o f  p roduc ing  f rom it. Rent c o u l d  
p e r s i s t ,  even  i n  a c o m p e t i t i v e  e q u i l i b r i u m ,  i f  t h e  good l a n d  
were  i n  l i m i t e d  s u p p l y  r e l a t i v e  t o  demand. Tha t  i s ,  i f  demand 
were  s u f f i c i e n t  t o  c a l l  i n t o  p r o d u c t i o n  poor  l a n d  a s  w e l l ,  t h e  
c o s t  o f  p r o d u c t i o n  and hence  t h e  p r i c e  o f  t h e  p r o d u c t  would b e  
above  t h e  c o s t  o f  p r o d u c t i o n  from t h e  good l a n d ,  t h e  d i f f e r e n c e  
c o n s t i t u t i n g  a  r e n t  t o  t h e  l a n d .  Al though  a g r i c u l t u r a l  l a n d  is  
g e n e r a l l y  used  t o  i l l u s t r a t e  t h i s  c o n c e p t ,  R i c a r d o  n o t e d  t h a t  
i t  a p p l i e d  t o  m i n e r a l  r e s o u r c e s  a s  w e l l .  These t o o  v a r y  i n  
" f e r t i l i t y " ,  some b e i n g  r i c h e r  o r  more a c c e s s i b l e  t h a n  o t h e r s .  
But a s  B a r n e t t  and Morse (1963, p.  64)  a l s o  o b s e r v e ,  t h e  
R i c a r d i a n  r e n t  t o  a  m i n e r a l ,  o r  t h e  l a n d  on  which it i s  found ,  
i s  not a  payment f o r  t h e  e x h a u s t i o n  o f  t h e  m i n e r a l .  A f t e r  a l l ,  
even  i f  t h e  m i n e r a l  were  r e p l e n i s h a b l e ,  l i k e  a g r i c u l t u r a l  l a n d ,  
R i c a r d i a n  r e n t  would a r i s e  a s  l o n g  as m a r k e t  demand i n  any  p e r i -  
od  c o u l d  n o t  b e  m e t  by p r o d u c t i o n  from t h e  r i c h e s t  and most  
a c c e s s i b l e  u n i t s  a l o n e .  C o n v e r s e l y ,  a s  w e  s h a l l  s e e ,  even where  
p r o d u c t i o n  i n  any p e r i o d  depends  o n l y  on  a  s i n g l e  ( l a r g e )  de -  
p o s i t ,  w i t h  c o n s t a n t  m a r g i n a l  and a v e r a g e  c o s t s  o f  e x t r a c t i o n ,  
s o  t h a t  t h e r e  i s  no R ; ? a r d i a n  r e n t ,  a  s c a r c i t y  r e n t  l i k e  q i n  
o u r  model w i l l  e x i s t .  
A c o u p l e  o f  s i m p l e  d i a g r a m s  w i l l  b r i n g  o u t  t h e s e  d i s t i n c -  
t i o n s  more c l e a r l y .  I n  F i g u r e  1 ,  t h e  e q u i l i b r i u m  r e l a t i o n s h i p  
P  = W/fE + q  i s  i l l u s t r a t e d  by t h e  i n t e r s e c t i o n  o f  t h e  p r i c e  
l i n e  ( P )  w i t h  t h e  c u r v e  (W/fE + q ) .  A t  t h e  e q u i l i b r i u m  o u t p u t  
- 
Y = Y*, t h e r e  i s ,  i n  g e n e r a l ,  a  p o s i t i v e  s c a r c i t y  r e n t  q. But 
on  a l l  o f  t h e  i n f r a - m a r g i n a l  u n i t s ,  t h e r e  i s  a l s o  a R i c a r d i a n  
r e n t ,  t h e  shaded d i f f e r e n c e  between p r i c e  and c o s t ,  where  q i s  
r e g a r d e d  a s  a  p a r t  o f  t h e  cost - -which o f  c o u r s e  it i s ,  w h e t h e r  
p a i d  by t h e  p r o d u c e r  t o  t h e  owner o f  t h e  r e s o u r c e  r i g h t s ,  o r  
s i m p l y  imputed i f  p r o d u c e r  and owner a r e  one  and t h e  saine. 
Now c o n s i d e r  a  somewhat d i f f e r e n t  c a s e ,  i n  which a l l  o f  
t h e  economy's p r o d u c t i o n  o f  a  r e s o u r c e ,  i n  any p e r i o d ,  is  a t  
c o n s t a n t  m a r g i n a l  and a v e r a g e  c o s t s ,  from a  d e p o s i t  o r  d e p o s i t s  
o f  c o n s t a n t  q u a l i t y .  The n e c e s s a r y  c o n d i t i o n s ,  namely 
(i) P = W / f E + q  (W/fE = c o n s t a n t )  
and 
(ii) 9 = r (no s t o c k  e f f e c t s ) ,  
9 
c o n t i n u e  t o  h o l d ,  though  t h e  demand p r i c e  P is  now P = P ( Y ) ,  
where  Y i s  t o t a l  o u t p u t  i n  t h e  p e r i o d ;  s o  c o n d i t i o n  (i) de-  
s c r i b e s  t h e  i n t e r s e c t i o n  o f  a  downward s l o p i n g  demand ( 0) 
w i t h  a  h o r i z o n t a l  l i n e . ?  J u s t  above  I s u g g e s t e d  t h a t  $ roduc t>on  
a t  c o n s t a n t  c o s t s  w i l l  e n t a i l  no r e n t  i n  t h e  s e n s e  o f  R i c a r d o ,  
b u t  it w i l l  e n t a i l  a  s c a r c i t y  r e n t  l i k e  q. The proof  o f  t h e  
f i r s t  p a r t  o f  t h i s  p r o p o s i t i o n  i s  o b v i o u s .  But what  i s  t h e  
n a t u r e  o f  t h e  s c a r c i t y  r e n t ?  Suppose,  f o l l o w i n g  Nordhaus 
( 1 9 7 3 a ) ,  t h e r e  e x i s t s  some s u b s t i t u t e  f o r  t h e  r e s o u r c e - - a  "back- 
s t o p " ,  s u c h  a s  n u c l e a r  f u s i o n  r e a c t o r s  f o r  f o s s i l  fue l s - -which  
PRICES, 
cw I 
Y* OUTPUT 
Figurr I .  Equilibrium output and re11t. 
? I n  a l l  o f  t h i s  I am a b s t r a c t i n g  f rom t h e  problem o f  monopoly. 
I f  t h e  d e p o s i t  1s p r i v a t e l y  owned, I assume t h a t  t h e  owner i s  
a  d i s c r i m i n a t i n g  m o n o p o l i s t ;  i f  p u b l i c l y  owned, I a s s i m e  
o p t i m i z a t i o n  o f  someth ing  l i k e  p r o d u c e r ' s  p l u s  consumers '  s u r -  
p l u s .  I n  e i t h e r  c a s e ,  a s  I noted  e a r l i e r ,  t h e  n e c e s s a r y  con- 
d i t i o n s  a r e  l i k e  (i) and ( i i) ,  and p r i c e  i n c l u d e s  no e l e m e n t  
o f  monopoly r e n t .  
p r o d u c e s  t h e  same f i n a l  s e r v i c e s  a s  t h e  r e s o u r c e ,  b u t  a t  h i g h e r  
c o s t .  Then,  a s  Nordhaus  a l s o  shows,  t h e  r e s o u r c e  i s  u s e d  f i r s t ,  
and i t s  shadow p r i c e  o r  s c a r c i t y  r e n t - - o r  r o y a l t y ,  a s  h e  c a l l s  
i t - - is  j u s t  e q u a l  t o  t h e  d i f f e r e n c e  be tween  t h e  c o s t  o r  p r i c e  
B 
o f  p r o d u c i n g  f rom t h e  b a c k s t o p  ( P  ) and  t h e  c o s t  o f  p r o d u c i n g  
f rom t h e  r e s o u r c e  ( C ) ,  a t  t h e  s w i t c h  d a t e  (T)  f rom r e s o u r c e  t o  
b a c k s t o p .  A t  any  t i m e  t ,  0  5 t 2 T, t h e  r o y a l t y ,  e q u i v a l e n t  t o  
o u r  q, i s  ( p B  - C ) e  - )  . T h a t  i s ,  i n  t h e  a b s e n c e  o f  s t o c k  
e f f e c t s ,  t h e  r o y a l t y  grows a t  t h e  r a t e  f: a s  t h e  r e s o u r c e  i s  
d e p l e t e d .  So f a r ,  s o  good;  a s  t h e  s t o c k  s h r i n k s ,  t h e  r e n t  r i s e s .  
No te ,  by t h e  way, t h a t  t h i s  r e n t  i n  f a c t  l o o k s  r a t h e r  R i c a r d i a n .  
T h a t  i s ,  a l t h o u g h  t h e r e  i s  no t r u e  R i c a r d i a n .  r e n t ,  a l l  p roduc-  
t i o n  i n  any  p e r i o d  coming f rom a  c o n s t a n t  q u a l i t y  d e p o s i t ,  t h e  
r e n t  d o e s  r e f l e c t  a  c o s t  d i f f e r e n c e .  
But now s u p p o s e  t h e r e  i s  a  second  q u a l i t y  o f  d e p o s i t ,  p o o r e r  
t h a n  t h e  f i r s t  b u t  s t i l l  more e c o n o m i c a l  t h a n  t h e  b a c k s t o p .  I n  
t h i s  c a s e ,  r e a l i s t i c  c e r t a i n l y  f o r  mos t  r e s o u r c e s ,  it i s  e a s y  t o  
show t h a t  t h e  r e n t  o r  r o y a l t y  d o e s  n o t  r i s e  m o n o t o n i c a l l y  a s  t h e  
r e s o u r c e  i s  d e p e l e t e d .  S t a r t i n g  f rom t h e  s w i t c h  d a t e  f rom t h e  
f i r s t ,  good q u a l i t y ,  d e p o s i t  t o  t h e  s e c o n d ,  poor  q u a l i t y ,  t h e  
a n a l y s i s  i s  e x a c t l y  a s  a b o v e .  The r o y a l t y  on t h e  second  d e p o s i t  
i s  ( p B  - c a ) e  - r ( T 2 - T 1 ) ,  where  TI  i s  t h e  s w i t c h  d a t e  f rom t h e  f i r s t  
t o  t h e  s e c o n d  d e p o s i t ,  T2 i s  t h e  s w i t c h  d a t e  f rom t h e  second  t o  
t h e  b a c k s t o p ,  a n d  C 2  i s  t h e  ( c o n s t a n t )  c o s t  o f  p r o d u c i n g  f r o m  
B  t h e  s e c o n d .  The r o y a l t y  r i s e s  a t  t h e  r a t e  r t o  (P  - C 2 )  a t  T2. 
The p r i c e  o f  t h e  second  d e p o s i t  a t  T I ,  when it e n t e r s  p r o d u c t i o n ,  
i s  a g a i n  t h e  sum o f  m a r g i n a l  e x t r a c t i o n  c o s t  and  r o y a l t y ,  o r  
B  
C 2  + ( P  - C 2 ) e  - r (T2-T1) .  T h i s  p r i c e ,  c a l l  it P2 ,  p l a y s  t h e  
same r o l e ,  i n  t u r n ,  i n  t h e  d e t e r m i n a t i o n  o f  t h e  r o y a l t y  o n  t h e  
f i r s t  d e p o s i t  a s  t h e  p r i c e  o f  t h e  b a c k s t o p  p l a y s  i n  t h e  d e t e r -  
m i n a t i o n  o f  t h e  r o y a l t y  o n  t h e  s e c o n d .  Thus  t h e  r o y a l t y  o n  t h e  
-rT1 f i r s t  d e p o s i t  i s  i n i t i a l l y ,  a t  t = 0,  (P2  - C l ) e  , where  C 1  
i s  t h e  ( c o n s t a n t )  c o s t  o f  p r o d u c i n g  f rom t h e  f i r s t  d e p o s i t ,  and 
r i s e s  t o  ( P 2  - C  ) a t  t = T I .  At  t h i s  p o i n t ,  where  t h e  r e s o u r c e  1  
p r i c e  i s  P2 ,  a n d  r e c a l l i n g  t h a t  C, < C2, t h e  r o y a l t y  must  f a l l ,  
t o  (Pa  - C2) , o n  t h e  second  d e p o s i t .  So t h e  s c a r c i t y  r e n t  o n  
t h e  r p F o u r c e  must  f a l l .  
Of c o u r s e ,  o n e  c o u l d  t a k e  t h e  v i e w  t h a t  t h e  d i f f e r e n t  q u a l -  
i t y  d e p o s i t s  a r e  d i f f e r e n t  r e s o u r c e s .  And, i n  t h e  a b s e n c e  o f  
s t o c k  e f f e c t s ,  t h e  r e n t  o r  r o y a l t y  o n  e a c h  must  r i s e - - a t  t h e  
r a t e  o f  i n t e r e s t .  T h i s  i s  what  I meant  e a r l i e r ,  i n  s u g g e s t i n g  
t h a t  t h e  r e s u l t  t h a t  r e n t  need n o t  r i s e  m o n o t o n i c a l l y  a s  a  
r e s o u r c e  s t o c k  i s  d e p l e t e d  d e p e n d s  on t h e  d e f i n i t i o n  o f  " r e -  
s o u r c e " .  But my i m p r e s s i o n  i s  t h a t  t h e  same word--"copper" ,  o r  
" o i l " ,  o r  w h a t e v e r - - i s  commonly u s e d  t o  d e s c r i b e  d e p o s i t s  o f  
v a r y i n g  q u a l i t y ,  s o  t h e  r e s u l t  i s  n o t  t r i v i a l .  
The a n a l y s i s  i s  e a s i l y  e x t e n d e d  from two t o  many d i f f e r e n t  
q u a l i t i e s  o f  a  r e s o u r c e ,  w i t h  e a c h  t r a n s i t i o n  t o  a  lower  q u a l i t y  
a s  t h e  h i g h e r  i s  d e p l e t e d  l e a d i n g  t o  a  f a l l  i n  t h e  r e n t .  R e c a l l -  
i n g  t h e  o l d  d i s t i n c t i o n  between i n t e n s i v e  and e x t e n s i v e  m a r g i n s ,  
as a p p l i e d  t o  a g r i c u l t u r a l  l a n d ,  w e  m i g h t  s a y  t h a t  t h e  r e s o u r c e  
r e n t  rises o n  t h e  i n t e n s i v e  marqin and f a l l s  o n  t h e  e x t e n s i v e .  
B  I f  and when r e s o u r c e  e x t r a c t i o n  c o s t s  r e a c h  P  , t h e  p r i c e  o f  t h e  
b a c k s t o p ,  t h e  r e n t  f a l l s  t o  z e r o .  A l l  o f  t h i s  i s  r e p r e s e n t e d  
i n  F i g u r e  2 .  Market p r i c e  a lways  r i s e s  a s  t h e  r e s o u r c e  i s  de-  
p l e t e d ,  c o s t  r i s e s  i n  d i s c r e t e  jumps, and r e n t  r i s e s  and f a l l s ,  
u l t i m a t e l y  f a l l i n g  t o  z e r o  when t h e  marke t  p r i c e  r e a c h e s  p B . t  
PRICE, 
COST, 
RENT 
- 
MARKET PRICE 
Figure 2. Behavior of price, cost, and 
rent over time. 
t T h i s  d i a g r a m  and t h e  r e l a t e d  a n a l y s i s  a r e  e s s e n t i a l l y  t h e  same 
a s  i n  H e r f i n d a h l  and Rneese ( 1 9 7 4 ) ,  one  d i f f e r e n c e  b e i n g  t h a t  
t h e r e  t h e  u l t i m a t e  p r i c e ,  pB, i s  t h e  p r i c e  a t  which demand f o r  
t h e  r e s o u r c e  e q u a l s  z e r o .  
Another  way of  i n t e r p r e t i n g  t h e  r e s u l t  t h a t  r e n t  v a n i s h e s  
i s  t o  c o n s i d e r  t h e  b a c k s t o p  a s  " a v e r a g e  r o c k "  i n s t e a d  o f  a  new 
t e c h n o l o g y  t h a t  s u b s t i t u t e s  f o r  t h e  r e s o u r c e .  Tha t  i s ,  u l t i -  
m a t e l y  a l l  o f  t h e  above-average c o n c e n t r a t i o n s  of  t h e  r e s o u r c e  
a r e  e x h a u s t e d ,  and it i s  e x t r a c t e d  from a  v i r t u a l l y  l i m i t l e s s  
s u p p l y  o f  m a t e r i a l  i n  t h e  e a r t h ' s  c r u s t .  t It  i s  i n t u i t i v e l y  
p l a u s i b l e  t h a t ,  i n  t h i s  s i t u a t i o n ,  t h e r e  be no r e n t ,  R i c a r d i a n  
o r  o t h e r ,  t o  any u n i t ,  s i n c e  one  i s  a s  good, o r  a s  b a d ,  a s  
a n o t h e r ,  now and f o r e v e r  ( a l m o s t )  . 
F i n a l l y ,  n o t e  t h a t  we c a n  approx imate  t h e  c o n t i n u o u s  c a s e  
d e s c r i b e d  i n  t h e  model o f  t h e  p r e c e d i n g  s e c t i o n  and e q u a t i o n s  
( 8 )  and ( 9 )  by l e t t i n g  t h e  t ime  between c o s t  jumps a p p r o a c h  z e r o .  
Al though t h e  a n a l y s i s  t h e r e  was f o r  a  s i n g l e  f i r m ,  and we a r e  
now t a l k i n g  a b o u t  t h e  r e s o u r c e  i n d u s t r y ,  t h e  r e s u l t  i s  t h e  same. 
Rent  e v o l v e s  smooth ly  o v e r  t i m e ,  a c c o r d i n g  t o  a n  e q u a t i o n  l i k e  
( 9 ) ,  e i t h e r  r i s i n g  o r  f a l l i n g ,  b u t  u l t i m a t e l y  f a l l i n g  t o  z e r o  
i f  s t o c k  e f f e c t s  push up e x t r a c t i o n  c o s t  i n d e f i n i t e l y .  
What c o n c l u s i o n s  c a n  we draw, t h e n ,  a b o u t  t h e  b e h a v i o r  o f  
r e n t  a s  t h e  s t o c k  o f  a  r e s o u r c e  i s  d e p l e t e d ?  F i r s t ,  t h e  s t a t e -  
ment i n  t h e  i n t r o d u c t o r y  s e c t i o n ,  t h a t  r e n t  g e n e r a l l y  r i s e s  a s  
t h e  s t o c k  f a l l s ,  i s  t o o  sweeping.  Where t h e  c o s t s  o f  e x t r a c t i o n  
a r e  n o t  a f f e c t e d  by d e p l e t i o n ,  it is c o r r e c t .  But where t h e y  
a r e - - e i t h e r  i n  a  c o n t i n u o u s  f a s h i o n  a s  i n  t h e  o r i g i n a l  model,  
o r  i n  a  d i s c r e t e  f a s h i o n  a s  i n  t h e  t r a n s i t i o n  t o  d i f f e r e n t -  
q u a l i t y  d e p o s i t s  i n  t h i s  s e c t i o n ' s  mode l - - the re  a r e  c o n f l i c t i n g  
t e n d e n c i e s ;  and i f  e x t r a c t i o n  c o s t s  r i s e  a l l  t h e  way t o  t h e  
p r i c e  o f  t h e  b a c k s t o p ,  t h e  r e s u l t  i s  t h a t  r e n t  f a l l s  t o  z e r o .  
I n t e r e s t i n g l y ,  t h e r e  i s  a  k i n d  o f  d u a l i t y  between r e n t  and c o s t  
a s  i n d i c a t o r s  o f  s c a r c i t y .  Where c o s t  i s  n o t  a  good i n d i c a t o r ,  
r e n t  i s ,  and v i c e  v e r s a .  Tha t  i s ,  where t h e r e  a r e  no s t o c k  o r  
q u a l i t y  e f f e c t s ,  c o s t  does  n o t  r i s e  a s  a  s t o c k  i s  d e p l e t e d ,  b u t  
r e n t  d o e s .  On t h e  o t h e r  hand,  where t h e s e  e f f e c t s  a r e  p r e s e n t ,  
c o s t  i s  d r i v e n  up,  and r e n t  r i s e s  a l o n g  t h e  i n t e n s i v e  marg in  b u t  
f a l l s  a l o n g  t h e  e x t e n s i v e ,  u l t i m a t e l y  t o  z e r o .  
Thus f a r  I have  c o n s i d e r e d  t h e  e v o l u t i o n  o f  r e n t  a s  a  
s t o c k  i s  d e p l e t e d  o v e r  t i m e .  Another  q u e s t i o n  is,  what i s  t h e  
e f f e c t  o f  a  s t o c k  change on  t h e  initial v a l u e  o f  t h e  r e n t ?  I n  
o t h e r  words ,  i n s t e a d  o f  a s k i n g  how r e n t  behaves  a s  a  r e s o u r c e  
s t o c k  i s  d e p l e t e d  o v e r  t i m e ,  I am now a s k i n g  t h e  c o m p a r a t i v e  
s t a t i c s  q u e s t i o n :  how i s  t h e  i n i t i a l  v a l u e  a f f e c t e d  by a  change 
aqo 
on  t h e  i n i t i a l  s t o c k ?  I n  symbols,  what i s  t h e  s i g n  o f  -
(where X o  r e f e r s  t o  i n i t i a l  s t o c k  f o r  t h e  economy)? N o t i c e  t h a t  
t h i s  i n t r o d u c e s  u n c e r t a i n t y .  X o  w i l l  be a f f e c t e d ,  a s  s u g g e s t e d  
i n  t h e  i n t r o d u c t i o n ,  by i n f o r m a t i o n  a b o u t  new d e p o s i t s ,  o r  
tA s i m i l a r  model i s  c o n s i d e r e d  by Heal ( 1 9 7 6 ) .  
methods of p r o d u c i n g  a  r e s o u r c e  p r o d u c t  f rom lower -grade  mate- 
r i a l s .  These  would be p o s i t i v e  e f f e c t s ,  b u t  o n e  c a n  a l s o  imagine  
b e t t e r  i n f o r m a t i o n  l e a d i n g  t o  a  downward r e v i s i o n  of  a n  e s t i m a t e d  
s t o c k ,  a s  h a s  r e c e n t l y  o c c u r r e d ,  f o r  example ,  i n  t h e  c a s e  o f  US 
o f f s h o r e  o i l  d e p o s i t s .  I n  any  e v e n t ,  it is  c l e a r  t h a t  t h e  s i g n  o f  
- 1s n e g a t i v e ,  a s  i n s p e c t i o n  o f  t h e  e x p r e s s i o n  f o r  q i n  t h i s  
ax0 
s e c t i o n ' s  model o f  economywide d e p l e t i o n  s u g g e s t s .  
Tak ing  t h e  s i m p l e s t  c a s e ,  s u f f i c i e n t  f o r  o u r  p u r p o s e s ,  o f  
d e p l e t i o n  o f  a  s i n g l e  g r a d e  of  t h e  r e s o u r c e  up t o  r e p l a c e m e n t  
by a  b a c k s t o p ,  qo  = (pB - C)e-rT. The o n l y  t h i n g  a f f e c t e d  by a  
s t o c k  change ,  dXo, i s  t h e  s w i t c h  d a t e  T, s i n c e  pB and C  a r e  
t e c h n o l o g i c a l l y  d e t e r m i n e d  and r i s  a  pa ramete r  t o  t h e  r e s o u r c e  
s e c t o r .  For  a  g i v e n  p a t t e r n  o f  demand f o r  t h e  r e s o u r c e ,  t h e n ,  
dT > 0. From t h i s  we o b t a i n  we have  T  = T ( X O ) ,  where  -
dXo 
- rT dT S i n c e  (pB - C) > 0 ,  e > 0 ,  and - > 0 ,  f o r  r > 0  w e  must dX, 
aqo 
U 
have  - < 0. A s l i g h t l y  more c o m p l i c a t e d  a n a l y s i s  y i e l d s  a  
ax, 
s i m i l a r  b u t  q u a l i f i e d  r e s u l t  f o r  p r i c e ,  a s  I s h a l l  p r e s e n t l y  
i n d i c a t e .  
Now, what  c a n  b e  s a i d  o f  t h e  r e l a t i o n s h i p  between s t o c k  
change and  p r i c e ?  P r i c e  a p p e a r s  t o  be  g e n e r a l l y  w e l l  behaved,  
a s  s e e n  f o r  example i n  F i g u r e  2 .  The e q u i l i b r i u m  c o n d i t i o n  f o r  
b o t h  c o m p e t i t i v e  f i r m  and s o c i a l  p l a n n e r ,  t h a t  p r i c e  i n  any  
p e r i o d  e q u a l s  m a r g i n a l  c o s t  p l u s  r e n t ,  e n s u r e s  t h a t  p r i c e  w i l l  
a lways  move i n  t h e  r i g h t  d i r e c t i o n  a s  a  s t o c k  i s  d e p l e t e d  o v e r  
t i m e ,  pushed up by e i t h e r  r i s i n g  c o s t  o r  r i s i n g  r e n t .  The o n l y  
r e m a i n i n g  q u e s t i o n  is ,  how i s  t h e  c u r r e n t  marke t  p r i c e  a f f e c t e d  
by a  change  i n  t h e  c u r r e n t  e s t i m a t e  o f  t h e  s t o c k  s i z e ?  
I n  a  wor ld  w i t h o u t  a  c o m p l e t e  s e t  o f  r e s o u r c e  f u t u r e s  
m a r k e t s ,  t h e  answer  i s  n o t  c l e a r .  But I t h i n k  t h e r e  i s  some 
presumpt ion  t h a t  p r i c e  w i l l  c o n t i n u e  t o  be  w e l l  behaved.  The 
c r u c i a l  q u e s t i o n  is,  how a r e  p r i c e  e x p e c t a t i o n s  formed? A num- 
b e r  o f  t h e o r i s t s  have  r e c e n t l y  c o n s i d e r e d  t h i s  q u e s t i o n ,  w i t h  
i n t e r e s t i n g  b u t  n o t  d e f i n i t i v e  r e s u 1 t s . t  Here I j u s t  i n d i c a t e  
t S e e  f o r  example Nordhaus (1  9 7 3 a ) ,  Solow (1 9 7 4 a ) ,  S t i g l i t z  (1 974) , 
Heal  ( 1 9 7 5 ) ,  and Mishan ( 1 9 7 7 ) .  
t h e  l i n k s ,  a s  I s e e  them, i n  t h e  c h a i n  c o n n e c t i n g  s t o c k  t o  p r i c e  
changes .  T h i s  w i l l  e n a b l e  u s  t o  i d e n t i f y  t h e  c o n d i t i o n s  under  
which c u r r e n t  p r i c e  i n c r e a s e s  ( d e c r e a s e s )  w i t h  a  d e c r e a s e  ( i n -  
c r e a s e )  i n  t h e  e s t i m a t e d  i n i t i a l  s t o c k .  
Suppose a t  t = 0  t h e  r e s e r v e  b a s e  f o r  a  m i n e r a l  r e s o u r c e  
i n c r e a s e s ,  d u e  t o  a  new p r o c e s s  t h a t  makes p r o f i t a b l e  t h e  ex- 
t r a c t i o n  and c o n v e r s i o n  o f  a  v e r y  t h i n  o r e .  T h i s  l o w e r s  t h e  
p r i c e  e x p e c t e d  t o  p r e v a i l  i n  t h e  f u t u r e ,  when t h e  new m a t e r i a l  
w i l l  come o n  l i n e - - o r ,  which i s  t h e  same t h i n g ,  t h e  c u r r e n t  
r e n t - - a s  i n d i c a t e d  by e q u a t i o n  ( 1 0 ) .  T h i s ,  i n  t u r n ,  shou ld  
l e a d  e i t h e r  t h e  p u b l i c  r e s o u r c e  agency o r  p r i v a t e  r e s o u r c e  owners  
t o  expand c u r r e n t  p r o d u c t i o n ,  r e s u l t i n g  ( f o r  g i v e n  demand) i n  
a  f a l l  i n  t h e  c u r r e n t  p r i c e .  So,  t h r o u g h  t h e  l i n k s  o f  
n e g a t i v e  r e l a t i o n s  between i n i t i a l  s t o c k  and r e n t  
and c u r r e n t  o u t p u t  and p r i c e  (g < 0) ,  a  l a r g e r  i n i t i a l  s t o c k  
i s  a s s o c i a t e d  w i t h  a  lower  c u r r e n t  p r i c e .  
The d i f f i c u l t y ,  o r  p o t e n t i a l  d i f f i c u l t y ,  l i e s  i n  t h e  e f f e c t  
o n  e x p e c t e d  f u t u r e  p r i c e  o f  a  change  i n  t h e  c u r r e n t  p r i c e .  L e t  
u s  d e f i n e  t h e  elasticity of expectations a s  
where  P: i s  t h e  p r i c e  e x p e c t e d  t o  p r e v a i l  a t  t i m e  t > 0  i n  t h e  
f u t u r e .  I f  E = 0 ,  t h e n  t h e  s t o r y  is  ended .  The e x p e c t e d  f u t u r e  
p r i c e  is d e t e r m i n e d  s o l e l y  by e s t i m a t e s  o f  f u t u r e  demand and 
t e c h n o l o g y ,  which a r e  n o t  s p e c u l a t i v e l y  r e l a t e d  t o  c u r r e n t  p r i c e  
c h a n g e s .  But it i s  c o n c e i v a b l e ,  and q u i t e  p l a u s i b l e ,  t h a t  E > 0. 
I n  t h i s  c a s e ,  t h e  r e d u c t i o n  i n  Po l e a d s  t o  a  r e d u c t i o n  i n  
- 
P:, which l e a d s  i n  t u r n  t o  a  f u r t h e r  e x p a n s i o n  o f  c u r r e n t  o u t p u t  
and f u r t h e r  r e d u c t i o n  i n  Po ,  and s o  o n .  Whether a n  e q u i l i b r i u m  
is  r e a c h e d  s h o u l d  depend o n  t h e  s i z e  o f  E; i f  it i s  s m a l l  enough, 
t h e  c u r r e n t  p r i c e  c h a n g e s  s h o u l d  a p p r o a c h  z e r o .  But i n  any  
e v e n t ,  w i t h  t h e s e  s p e c u l a t i v e  e f f e c t s  we have p e r h a p s  t o o  much 
o f  a  good t h i n g :  c u r r e n t  p r i c e  o v e r r e a c t s  t o  a  change  i n  t h e  
e s t i m a t e d  i n i t i a l  s t o c k .  I f ,  f i n a l l y ,  E < 0 ,  which i s  con- 
c e i v a b l e  though n o t  v e r y  p l a u s i b l e ,  t h e n  c u r r e n t  p r i c e  c o u l d  
r e a c t  p e r v e r s e l y ,  i n c r e a s i n g  w i t h  a n  i n c r e a s e  i n  t h e  s t 0 c k . t  
+For  a  d e t a i l e d  a n a l y s i s  of t h e  i m p l i c a t i o n s  f o r  c o m p e t i t i v e  
e x t r a c t i o n  p a t h s  o f  d i f f e r e n t  e x p e c t a t i o n  e l a s t i c i t i e s ,  though 
n o t  i n  t h e  c o n t e x t  o f  a  d i s c u s s i o n  o f  s c a r c i t y ,  s e e  Mishan ( 1 9 7 7 ) .  
Although t h e  p o s s i b i l i t y  o f  s p e c u l a t i v e  e f f e c t s  c a n  c a u s e  
problems f o r  p r i c e  a s  a n  i n d i c a t o r  o f  s c a r c i t y ,  I d o n ' t  t h i n k  
t o o  much s h o u l d  be  made o f  t h i s .  I n  t h e  f i r s t  p l a c e ,  t h e  r e a l l y  
bad r e s u l t - - c u r r e n t  p r i c e  v a r y i n g  p o s i t i v e l y  w i t h  c u r r e n t  e s t i -  
mated s tock- -cou ld  o c c u r  o n l y  i f  t h e r e  were  a  s u f f i c i e n t l y  
s t r o n g  n e g a t i v e  e l a s t i c i t y  o f  e x p e c t a t i o n s .  But  it i s  h a r d  t o  
t e l l  a  c o n v i n c i n g  s t o r y  t h a t  would p roduce  t h i s  r e s u l t .  I n  t h e  
second p l a c e ,  even t h e  more r e a l i s t i c  p o s i t i v e  e l a s t i c i t y  i s  
n o t  l i k e l y  t o  p e r s i s t .  A t  some p o i n t  b e l i e f s  a b o u t  f u t u r e  de-  
mand and t e c h n o l o g y  w i l l  c a l l  a h a l t  t o  t h e  round o f  s p e c u l a t i v e  
p r i c e  d e c r e a s e s .  A d m i t t e d l y  t h e  n e t  r e s u l t  c o u l d  be  some d e v i a -  
t i o n  f rom a n  e f f i c i e n t  e x t r a c t i o n  p a t h ,  b u t  t h i s  i s  o f  g r e a t e r  
r e l e v a n c e  t o  t h e  q u e s t i o n  whe ther  t h e  f a i l u r e  o f  a  c o m p l e t e  s e t  
o f  r e s o u r c e  f u t u r e s  m a r k e t s  t o  e x i s t  w i l l  l e a d  t o  i n e f f i c i e n c y  
t h a n  t o  t h e  na r rower  q u e s t i o n  whe ther  p r i c e  i s  l i k e l y  t o  r e f l e c t  
s c a r c i t y .  
5.  EXPLORATION AND EXTERNALITIES 
I have  spoken o f  t h e  p o s s i b i l i t y  o f  augment ing a  r e s o u r c e  
s t o c k  t h r o u g h  i n v e s t m e n t  d e v o t e d  t o  t h e  p u r p o s e ,  a s  i n  t h e  
e x p l o r a t i o n  f o r  new d e p o s i t s .  I n  t h i s  s e c t i o n  s u c h  e x p l o r a t i o n  
i s  i n t r o d u c e d  i n t o  t h e  model o f  s e c t i o n  2.  T h i s  i s  n o t  mere ly  
a  f o r m a l  e x e r c i s e ,  however,  a s  it l e a d s  t o  a  new i n s i g h t  i n t o  
r e s o u r c e  r e n t  and a p r a c t i c a l  p r o p o s a l  f o r  e s t i m a t i n g  it. The 
b a s i c  i d e a  i s  t h a t ,  o n c e  w e  r e c o g n i z e  t h a t  o p t i m a l  d e p l e t i o n  i s  
n o t  s i m p l y  a  m a t t e r  o f  r u n n i n g  down a  known s t o c k  b u t  i n v o l v e s  
t h e  a l l o c a t i o n  o f  e f f o r t  t o  f i n d i n g  new s o u r c e s ,  we m i g h t  con- 
j e c t u r e  t h a t  t h e  r e n t ,  o r  i n d i r e c t  c o s t  o f  a  u n i t  e x t r a c t e d  
t o d a y ,  w i l l  r e f l e c t  n o t  t h e  l o s s  i n  f u t u r e  income from t h a t  
u n i t  b u t  t h e  c o s t  o f  f i n d i n g  a n o t h e r  t o  r e p l a c e  it. T h i s  i s  
p r e c i s e l y  t h e  r e s u l t  we s h a l l  o b t a i n ,  a s  d o  a l s o  Brown and 
F i e l d  ( 1 9 7 6 ) .  There  d o e s  a r i s e ,  however,  a n  i n t e r e s t i n g  prob- 
l e m  i n v o l v i n g  e x t e r n a l i t i e s  i n  e x p l o r a t i o n ,  which t h e y  d o  n o t  
c o n s i d e r .  
I t  i s  i m p o r t a n t  t o  r e c o g n i z e ,  b e f o r e  p r o c e e d i n g ,  j u s t  how 
s t r o n g  t h e  a s s u m p t i o n  a b o u t  e x p l o r a t i o n  i s ,  and how it c h a n g e s  
t h e  e a r l i e r  model.  I t  makes t h e  e x h a u s t i b l e  r e s o u r c e  i n t o  
someth ing  l i k e  a  renewable  one--only more s o ,  s i n c e  t h e  g rowth  
o f  a renewable  r e s o u r c e  i s  u s u a l l y  c o n s t r a i n e d  by n a t u r e .  And 
a s  w i t h  a  renewable  r e s o u r c e ,  a  s t e a d y  s t a t e ,  i n  which s t o c k  
s i z e  and  r e n t  ( t h e  shadow p r i c e  o f  a  u n i t  i n  t h e  s t o c k )  d o  n o t  
change ,  becomes p o s s i b l e .  I n  any  e v e n t ,  t h e  e a r l i e r  c r i t e r i o n  
f o r  j u d g i n g  a  measure  o f  sca rc i ty - -how it behaves  a s  a  s t o c k  
i s  p h y s i c a l l y  d e p l e t e d - - i s  no l o n g e r  r e l e v a n t ,  as t h e  s t o c k  i s  
p o t e n t i a l l y  w i t h o u t  l i m i t .  But  e f f o r t  i s  i n  f a c t  r e q u i r e d  t o  
e x t e n d  t h e  l i m i t  a t  any t i m e ,  and t h i s  b r i n g s  u s  back t o  t h e  
d e s i r a b l e  p r o p e r t y  f o r  a  measure  o f  s c a r c i t y  s u g g e s t e d  i n  t h e  
i n t r o d u c t i o n :  t h a t  it r e f l e c t  t h e  s a c r i f i c e s  made t o  o b t a i n  
t h e  r e s o u r c e .  A s  we s h a l l  s e e ,  r e n t  c a n  b e  c o n s i d e r e d  a  good 
i n d i c a t o r  i n  t h i s  s e n s e ,  i n  a  model w i t h  e x p l o r a t i o n - - a t  l e a s t  
i f  o n e  is  i n t e r e s t e d  i n  t h e  r e s o u r c e  i n  t h e  g round .  
I d o n ' t  i n t e n d  t o  c o n s i d e r  t h e  dynamics  any f u r t h e r  h e r e .  
I n s t e a d ,  I s h a l l  d e r i v e  a n  e x p r e s s i o n  t h a t  c a n  b e  used t o  e s t i -  
mate  t h e  r e n t  a t  any p o i n t  i n  t i m e .  No d o u b t  t h e  a s s o c i a t e d  
view o f  e x p l o r a t i o n  i s  t o o  o p t i m i s t i c .  On t h e  o t h e r  hand,  
s e c t i o n  2 ' s  model,  which a l l o w s  no growth i n  t h e  r e s o u r c e  
s t o c k ,  i s  probab ly  t o o  p e s s i m i s t i c .  I n  any e v e n t ,  l e t  u s  h e r e  
d e v e l o p  t h e  i m p l i c a t i o n s  o f  t h e  o p t i m i s t i c  view. The r e l e v a n c e  
o f  e i t h e r  i s  o f  c o u r s e  a n  e m p i r i c a l  m a t t e r .  
Formal ly ,  t h e  new e lement  i n  t h e  model i s  a n  e x p l o r a t i o n  
d  d  
o r  d i s c o v e r y  p r o d u c t i o n  f u n c t i o n ,  f  (E , t ) ,  where f d  r e p r e s e n t s  
new d i s c o v e r i e s ,  measured i n  u n i t s  o f  t h e  r e s o u r c e ,  s a y  t o n s ,  
and Ed i s  e f f o r t  d e v o t e d  t o  e x p l o r a t i o n .  The i d e a  i s  t h a t  t h e  
s t o c k  c a n  b e  augmented by e x p l o r a t i o n ,  a s  w e l l  a s  d i m i n i s h e d  
by e x t r a c t i o n .  The sys tem e q u a t i o n  t h e n  becomes 
where t h e  e x t r a c t i o n  p r o d u c t i o n  f u n c t i o n  is  now w r i t t e n  
f e  (Ee lx ,  t )  , and e f f o r t  devo ted  t o  e x t r a c t i o n ,  Ee. 
The f i r m  maximizes t h e  d i s c o u n t e d  p r e s e n t  v a l u e  o f  p r o f i t s  
d  
where wd is  t h e  wage o f  e f f o r t  E  , and we t h e  wage of  e f f o r t  
Ee. The n e c e s s a r y  c o n d i t i o n  ( 7 )  i s  r e p l a c e d  by a  p a i r  o f  con- 
d i t i o n s  c o r r e s p o n d i n g  t o  t h e  two c o n t r o l  v a r i a b l e s  Ed and Ee: 
E q u a t i o n  ( 1 4 )  i s  j u s t  t h e  same a s  e q u a t i o n  (71 ,  b u t  from equa- 
d  d  t i o n  ( 1 3 )  we c a n  s u b s t i t u t e  wd/fdd f o r  q .  T h i s  t e r m ,  W /f  
E  
e 
E 
is  c l e a r l y  t h e  m a r g i n a l  c o s t  o f  e x p l o r a t i o n  a s  we/£ is  
t h e  m a r g i n a l  c o s t  o f  e x t r a c t i o n .  Ee 
Somewhat s u r p r i s i n g l y ,  c o m p l i c a t i n g  t h e  o p t i m a l  e x t r a c t i o n  
model by i n t r o d u c i n g  e x p l o r a t i o n  r e s u l t s  i n  a  s i m p l e  s u g g e s t i o n  
f o r  e s t i m a t i n g  r e n t .  T h i s  a l s o  h a s  i m p l i c a t i o n s  f o r  e f f i c i e n c y  
i f ,  a s  s u g g e s t e d  i n  t h e  p r e c e d i n g  s e c t i o n ,  we a r e  w o r r i e d  a b o u t  
t h e  way i n  which q  i s  d e t e r m i n e d  by t h e  e x p e c t a t i o n s  o f  a g e n t s  
i n  r e s o u r c e  m a r k e t s .  Of c o u r s e ,  a n  e x p l o r a t i o n  c o s t  o r  pro-  
d u c t i o n  f u n c t i o n  must s t i l l  b e  e s t i m a t e d ,  b u t  t h i s  i s  l e s s  o f  a  
v e n t u r e  i n t o  t h e  unknown t h a n  f o r m i n g  an  e x p e c t a t i o n  o f  a n  e n t i r e  
p r i c e  p a t h .  
The r e s u l t s  a r e  m i s l e a d i n g ,  however,  i n  a p p e a r i n g  t o  b a n i s h  
u n c e r t a i n t y  from t h e  p r o c e s s  o f  d e c i d i n g  how t o  a l l o c a t e  e f f o r t  
t o  e x p l o r a t i o n  and e x t r a c t i o n  o v e r  t i m e .  U n c e r t a i n t y  i s  impor- 
t a n t  i n  p a r t i c u l a r  i n  e x p l o r a t i o n ,  which migh t  i n  f a c t  b e  viewed 
a s  f u n d a m e n t a l l y  a n  e x e r c i s e  i n  r e d u c i n g  u n c e r t a i n t y .  Two i n t e r -  
e s t i n g  s t r a i n s  o f  a n a l y s i s  have emerged i n  t h i s  a r e a .  One, f o l -  
lowing  A l l a i s  ( 1 9 5 7 ) ,  c o n s i d e r s  e x p l o r a t i o n  f o r m a l l y  a s  a  prob- 
lem i n  sampl ing  from an  i n c o m p l e t e l y  known s i z e  d i s t r i b u t i o n  o f  
d e p o s i t s .  Another ,  more r e c e n t  a n d  e x e m p l i f i e d  by t h e  work o f  
G i l b e r t  ( 1 9 7 6 ) ,  i n t r o d u c e s  u n c e r t a i n t y  i n t o  r e l a t i v e l y  s i m p l e  
v e r s i o n s  o f  o p t i m a l  d e p l e t i o n  models .  Though f u r t h e r  d i s c u s s i o n  
i s  beyond t h e  s c o p e  o f  t h i s  p a p e r ,  t h e s e  a p p r o a c h e s  a r e  c l e a r l y  
c e n t r a l  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  economics  o f  e x p l o r a -  
t i o n . ?  But  I t h i n k  it i s  f a i r  t o  s a y  t h a t  t h e  d e t e r m i n i s t i c  
p r o d u c t i o n  f u n c t i o n  approach  t a k e n  above a l s o  h a s  a  r o l e  t o  p l a y .  
A f r u i t f u l  way t o  p r o c e e d  h e r e  migh t  b e  t o  i n t r o d u c e  a  
s t o c h a s t i c  t e r m  i n t o  t h e  e x p l o r a t i o n  p r o d u c t i o n  f u n c t i o n .  Ex- 
p l o r a t i o n  i n  o n e  p e r i o d  c o u l d  t h e n  have s e v e r a l  e f f e c t s .  It 
would l o c a t e  d e p o s i t s ,  a s  i n  t h e  d e t e r m i n i s t i c  c a s e ,  b u t  it 
c o u l d  a l s o  r e d u c e  t h e  e f f o r t  needed t o  l o c a t e  d e p o s i t s  i n  f u t u r e  
p e r i o d s  by d e v e l o p i n g  i n f o r m a t i o n  a b o u t  t h e  geo logy  o f  a  r e g i o n .  
I n  o t h e r  words ,  it c o u l d  s h i f t  t h e  e x p l o r a t i o n  p r o d u c t i o n  func-  
t ion- -and  p e r h a p s  a l s o  t h e  e x t r a c t i o n  p r o d u c t i o n  f u n c t i o n .  Ex- 
p l o r a t i o n  migh t  a l s o  r e s u l t  i n  a  r e d u c t i o n  i n  t h e  v a r i a n c e  o f  
t h e  s t o c h a s t i c  t e rm.  I f  t h e  a g e n t  u n d e r t a k i n g  t h e .  e x p l o r a t i o n  
were  r i s k  a v e r s e ,  such  a  r e d u c t i o n  would b e  v a l u a b l e .  But i n  
any e v e n t ,  a  f i r s t  a p p r o x i m a t i o n  t o  t h e  m a r g i n a l  u s e r  c o s t  
measure  o f  r e n t  migh t  b e  o b t a i n e d  by l o o k i n g  j u s t  a t  e x p l o r a t i o n  
c o s t s ,  a s  s u g g e s t e d  by e q u a t i o n s  ( 1 3 )  and ( 1 4 ) .  
T h e r e  i s  j u s t  one  o t h e r  i s s u e  I want t o  t o u c h  o n ,  and t h a t ,  
a s  I n o t e d  a t  t h e  o u t s e t  o f  t h i s  s e c t i o n ,  i s  e x t e r n a l i t i e s  i n  
e x p l o r a t i o n .  I t  i s  e a s i l y  i n t r o d u c e d  t h r o u g h  a n o t h e r  e x t e n s i o n  
o f  t h e  b a s i c  model. T h i s  w i l l  a l s o  shed  some l i g h t  o n  t h e  
e f f e c t s  o f  u n c e r t a i n t y .  We keep  t h e  same o b j e c t i v e  f u n c t i o n  a s  
i n  e q u a t i o n  (1 2 ) ,  b u t  change t h e  s y s t e m  e q u a t i o n  (1 1  ) i n  o r d e r  
t o  r e f l e c t  t h e  i n f l u e n c e  o f  p a s t  d i s c o v e r i e s  on t h e  r e l a t i o n -  
s h i p  between c u r r e n t  e x p l o r a t o r y  e f f o r t  and o u t p u t .  We do t h i s  
?An i n f o r m a t i v e  p r e s e n t a t i o n  o f  r e c e n t  work i n  p r o b a b i l i s t i c  
a s s e s s m e n t  o f  m i n e r a l  p r o s p e c t s  i s  found i n  Grenon ( 1 9 7 6 ) .  
by p u t t i n g  a n o t h e r  argument ,  D ,  f o r  c u m u l a t i v e  p a s t  d i s c o v e r i e s  
i n t o  t h e  e x p l o r a t i o n  p r o d u c t i o n  f u n c t i o n .  I n  symbols,  t h i s  i s  
I s h a l l  c o n s i d e r  t h e  r o l e  of  p a s t  d i s c o v e r i e s  p r e s e n t l y ,  b u t  
f i r s t  l e t  u s  comple te  t h e  s t r u c t u r e  o f  t h e  problem and i n d i c a t e  
t h e  s o l u t i o n .  
I n  a d d i t i o n  t o  e q u a t i o n  ( 1 5 ) ,  t h e r e  i s  a sys tem e q u a t i o n  
d e s c r i b i n g  t h e  change i n  D o v e r  t i m e ,  which we w r i t e  a s  
The Hami l ton ian  f o r  t h i s  problem is  
where p  i s  t h e  c o s t a t e  v a r i a b l e  a t t a c h e d  t o  t h e  system e q u a t i o n  
f o r  D .  D i f f e r e n t i a t i n g  H w i t h  r e s p e c t  t o  t h e  c o n t r o l  v a r i a b l e s  
Ed and Eel and s e t t i n g  t h e  r e s u l t i n g  p a r t i a l  d e r i v a t i v e s  e q u a l  
t o  z e r o ,  we o b t a i n  
and 
E q u a t i o n  ( 1  9 )  t e l l s  u s ,  once  a g a i n ,  t h a t  p r i c e  should  be 
s e t  e q u a l  t o  t h e  sum of  m a r g i n a l  e x t r a c t i o n  c o s t  and m a r g i n a l  
u s e r  c o s t ,  o r  r e n t .  But r e a r r a n g i n g  e q u a t i o n  ( 1 8 ) ,  w e  have a  
new e x p r e s s i o n  f o r  r e n t ,  
The f i r s t  t e r m  on t h e  r i gh t - hand  s i d e  o f  e q u a t i o n  ( 1 8 ' )  i s  j u s t  
t h e  m a rg ina l  d i s c o v e r y  c o s t .  The second t e r m ,  p ,  r e p r e s e n t s  
t h e  shadow p r i c e  o f  a  u n i t  added t o  t h e  s t o c k  of  d i s c o v e r e d  re- 
s o u r c e s ,  D .  The s i g n  o f  p  w i l l  r e f l e c t  t h e  i n f l u e n c e  of  D on 
t h e  e x p l o r a t i o n  p roduc t i on  f u n c t i o n ,  bu t  a  p r i o r i  t h e  d i r e c t i o n  
o f  t h e  i n f l u e n c e  i s  n o t  c l e a r .  I t  c o u l d  be p o s i t i v e ,  i n  t h e  
s e n s e  t h a t  d i s c o v e r i n g  a n o t h e r  u n i t  p r ov ide s  i n f o r ma t ion  t h a t  
can  r educe  t h e  e f f o r t  i n p u t  t o  f u t u r e  d i s c o v e r i e s .  T h i s  i s  a  
p o s s i b i l i t y  I h i n t e d  a t  j u s t  above i n  d i s c u s s i n g  a  s t o c h a s t i c  
e x p l o r a t i o n  p roduc t i on  f u n c t i o n .  But it cou ld  a l s o  be  n e g a t i v e .  
Suppose t h e r e  i s  a  f i n i t e  number o f  d i s c o v e r a b l e  d e p o s i t s  of a  
m i ne ra l  i n  a r eg ion .  Then one  more d i s cove r ed  t oday  means one 
less d i s c o v e r e d  tomorrow. Not o n l y  t h a t ,  bu t  t o  t h e  e x t e n t  
t h a t  t h e  b e t t e r  d e p o s i t s  a r e  d i s c o v e r e d  soon,  t h e r e  cou ld  be  
a  s u b s t a n t i a l  o p p o r t u n i t y  l o s s  i n  d e p l e t i n g  t h e  " s t ock  of  d i s -  
c o v e r i e s " .  The upshot  o f  t h e s e  remarks i s  : p  cou ld  be  pos i -  
t i v e  o r  n e g a t i v e ,  and t h e  mar g ina l  d i s c o v e r y  c o s t  a c c o r d i n g l y  
a d j u s t e d  up o r  down. T h i s  seems t o  be  a  q u e s t i o n  t h a t  cou ld  
u s e f u l l y  be  add re s sed  i n  s p e c i f i c  c a s e s ,  depending on t h e  geo l -  
ogy of  t h e  m i n e r a l  and r e g i o n .  
Where d o  t h e  e x t e r n a l i t i e s  come i n ?  With b o t h  of  t h e  
e f f e c t s  j u s t  d i s c u s s e d ,  a s  no ted  f i r s t  i n  a  paper  by P e t e r s o n  
(1975 ) .  Suppose a  d i s c o v e r y  does  i n  f a c t  p r ov ide  i n f o r ma t ion  
about  where t o  l ook ,  and how, f o r  f u r t h e r  d e p o s i t s .  To t h e  
e x t e n t  t h a t  t h i s  i n f o r m a t i o n  i s  n o t  kep t  w i t h i n  t h e  f i r m  making 
t h e  d i s c o v e r y ,  it w i l l  b e n e f i t  o t h e r  f i r m s ,  o r  even p o t e n t i a l  
f i r m s ,  s e a r c h i n g  f o r  t h e  m i n e r a l .  The i n f o r ma t ion  s p i l l o v e r  i s  
an e x t e r n a l  economy, and i f  n o t  a p p r o p r i a t e l y  compensated, w i l l  
l e a d  t o  a  non-optimal a l l o c a t i o n  o f  e f f o r t  t o  e x p l o r a t i o n  by 
d e c e n t r a l i z e d  dec i s ionmakers .  I n  p a r t i c u l a r ,  it seems l i k e l y  
t h a t  f i r m s  w i l l  e x p l o r e  t o o  l i t t l e ,  each  s i t t i n g  back and wa i t -  
i n g  f o r  t h e  o t h e r  t o  p rov ide  i n f o r ma t ion ,  a s  P e t e r s o n  (1975)  
and a l s o  S t i g l i t z  (1975) have s ugges t ed .  
The o t h e r  e f f e c t ,  d e p l e t i o n  o f  a  s t o c k  o f  d i s c o v e r i e s ,  is 
a  c l a s s i c  common-property phenomenon. C l e a r l y  it i s  n o t  j u s t  
t h e  f i r m  making t h e  d i s c o v e r y  whose f u t u r e  p r o s p e c t s  a r e  dimin- 
i s h e d .  A l l  o t h e r s  a r e  t h e  poo r e r  a s  we l l - - t he r e  i s  t h a t  much 
l e s s  f o r  them t o  f i n d ,  and it w i l l  be  t h a t  much h a r d e r  t o  f i n d .  
T h i s  c r e a t e s  a n  i n c e n t i v e  f o r  each  f i r m  t o  o v e r e x p l o r e ,  a s  com- 
pared  t o  what would be op t ima l  i f  it enjoyed a  s e c u r e  t e n u r e  i n  
a l l  o f  t h e  d e p o s i t s  o f  a  m ine r a l  w i t h i n  a  r e g i o n .  A s  i s  w e l l  
known, one  method o f  g e t t i n g  an i n d i v i d u a l  economic agen t  t o  
behave a s  i f  he were t h e  s o l e  owner,  i n  a  common-property 
s e t t i n g - - s h o r t  o f  a c t u a l l y  making him t h e  owner,  p robably  t h e  
b e s t  way t o  proceed where f e a s i b l e - - i s  t o  impose a  t a x  t h a t  
r e f l e c t s  t h e  l o s s e s  he imposes on o t h e r s .  
I conc lude ,  t h e n ,  t h a t  t h e  d e t e r m i n a t i o n  o f  p ,  t h e  a d j u s t -  
ment t o  t h e  marg ina l  c o s t  of d i s c o v e r y ,  o r  something ana logous  
t o  it i n  an a p p r o p r i a t e  m u l t i - p a r t y  s e t t i n g ,  i s  s t i l l  more com- 
p l i c a t e d  t h a n  it appeared  when w e  were concerned o n l y  w i t h  t h e  
e f f e c t s  o f  d i s c o v e r y  i n t e r n a l  t o  t h e  f i r m .  T h i s  l ooks  l i k e  a  
v e r y  p r o m i s i n g  a r e a  f o r  f u t u r e  r e s e a r c h - - t h o u g h  c a l c u l a t i o n s  o f  
t h e  b e h a v i o r  o f  d i s c o v e r y  c o s t s  a s  p r o x i e s  f o r  r e n t s  need n o t  
w a i t  on i t s  c o m p l e t i o n .  
6 .  CONCLUSIONS 
The main p o i n t  o f  t h i s  p a p e r  h a s  been  t o  examine t h e  behav- 
i o r  o f  a  number o f  p roposed  economic measures  o f  a  r e s o u r c e ' s  
s c a r c i t y  a s  t h e  r e s o u r c e  i s  d e p l e t e d  o r  augmented ( a s  t h r o u g h  
d i s c o v e r y  o f  new s o u r c e s )  o v e r  t i m e .  A s e c o n d a r y  p o i n t  h a s  been  
t o  examine t h e  e f f e c t  on t h e  c u r r e n t  v a l u e  o f  e a c h  measure  o f  a  
change  i n  t h e  c u r r e n t  e s t i m a t e  o f  t h e  r e s o u r c e  s t o c k .  The pro-  
posed measures  a r e  p r i c e ,  c o s t ,  and r e n t .  I t  t u r n s  o u t  t h a t  
p r i c e  i s  p r e f e r r e d ,  a lways  i n c r e a s i n g  ( d e c r e a s i n g )  a s  a  s t o c k  i s  
d e p l e t e d  (augmented)  o v e r  t i m e .  A l s o ,  c u r r e n t  p r i c e  g e n e r a l l y  
v a r i e s  i n v e r s e l y  w i t h  e s t i m a t e d  s t o c k  a t  a  moment i n  t ime-- 
though  t h i s  c o n c l u s i o n  i s  s u b j e c t  t o  t h e  c o n d i t i o n  t h a t  t h e r e  
n o t  b e  a  s t r o n g  n e g a t i v e  e l a s t i c i t y  o f  e x p e c t a t i o n s .  
C o s t  and  r e n t  a r e  somet imes w e l l  behaved a s  i n d i c a t o r s  o f  
s c a r c i t y ,  sometimes n o t .  I t  depends  o n  t h e  t e c h n o l o g y  o f  
e x t r a c t i o n ,  and  s p e c i f i c a l l y  o n  t h e  s t r e n g t h  o f  s t o c k  o r  q u a l i t y  
e f f e c t s  o n  e x t r a c t i o n  c o s t s .  Where t h e r e  a r e  s u c h  e f f e c t s ,  
e x t r a c t i o n  c o s t  r i s e s  a s  a  s t o c k  o r  h i g h - q u a l i t y  d e p o s i t  i s  
d e p l e t e d ,  b u t  r e n t  i s  e r r a t i c ,  r i s i n g  and f a l l i n g  i n  e i t h e r  d i s -  
c r e t e  o r  c o n t i n u o u s  f a s h i o n ,  and u l t i m a t e l y  f a l l i n g  t o  z e r o  i f  
e x t r a c t i o n  c o s t  r i s e s  a l l  t h e  way t o  t h e  p r i c e  o f  t h e  b a c k s t o p  
f o r  t h e  r e s o u r c e .  For  a  g i v e n  q u a l i t y  d e p o s i t ,  and i f  t h e r e  
a r e  no s t o c k  e f f e c t s ,  c o s t  d o e s  n o t  r i s e  a s  e x h a u s t i o n  n e a r s ,  
b u t  r e n t  d o e s .  So t h e r e  i s  a  k i n d  o f  d u a l i t y  between c o s t  and 
r e n t  a s  measures  o f  s c a r c i t y :  where c o s t  moves i n  t h e  r i g h t  
d i r e c t i o n ,  r e n t  d o e s  n o t ,  and v i c e  v e r s a .  
Another  q u e s t i o n  c o n s i d e r e d  i n  t h e  p a p e r  i s ,  t o  what  e x t e n t  
must t h e s e  c o n v e n t i o n a l  economic measures  b e  a d j u s t e d  t o  r e f l e c t  
t h e  e n v i r o n m e n t a l  e f f e c t s  o f  r e s o u r c e  u s e ?  On t h e  b a s i s  o f  
c u r r e n t l y  a v a i l a b l e  e v i d e n c e ,  t h i s  r e m a i n s  a n  u n r e s o l v e d  ques-  
t i o n .  C a l c u l a t i o n s  l i k e  t h o s e  r e p o r t e d  by B a r n e t t  ( 1 9 7 6 ) ,  which 
show a  v e r y  s m a l l  f r a c t i o n  o f  GNP r e q u i r e d  t o  a t t a i n  f a i r l y  
s t r i n g e n t  a i r  and  w a t e r  q u a l i t y  s t a n d a r d s ,  s u g g e s t  a  modes t  
a d j u s t m e n t ,  o n e  t h a t  i n  most c a s e s  would n o t  r e v e r s e  t h e  l o n g  
t e r m  d e c l i n e  i n  u n i t  c o s t s .  
T h i s  f i n d i n g  i s  s t r e n g t h e n e d  by t h e o r e t i c a l  a rguments  f o r  
s u b s t i t u t i o n  and t e c h n i c a l  change i n  p o l l u t i o n  c o n t r o l ,  a s  i n  
r e s o u r c e  e x t r a c t i o n .  On t h e  o t h e r  hand,  o n e  c a n n o t ,  it seems 
t o  m e ,  r e j e c t  t h e  h y p o t h e s i s  t h a t  t h e  c o s t s  o f  d e a l i n g  w i t h  a  
v a r i e t y  o f  new and e x o t i c  p o l l u t a n t s  may b e  q u i t e  h i g h ,  p a r t i c -  
u l a r l y  a s  unknown t h r e s h o l d s  a r e  r e a c h e d .  And s u b s t i t u t i o n  and 
t e c h n i c a l  change  may b e  less e f f e c t i v e  where ,  a s  w i t h  t h e  accu-  
m u l a t i o n  o f  c a r b o n  d i o x i d e  f rom t h e  combus t ion  o f  f o s s i l  f u e l s ,  
t h e  bad i s  d i f f i c u l t  o r  i m p o s s i b l e  t o  s e p a r a t e  from t h e  good. 
The whole q u e s t i o n  o f  t h e  a d j u s t m e n t  o f  s c a r c i t y  m e a s u r e s  t o  
r e f l e c t  t h e  consumption o f  common p r o p e r t y  e n v i r o n m e n t a l  r e -  
s o u r c e s ,  and i n  p a r t i c u l a r  o f  t h e  p o s s i b i l i t i e s  f o r  s u b s t i t u t i o n  
away from t h e s e  r e s o u r c e s ,  seems t o  me d e s e r v i n g  o f  f u r t h e r  r e -  
s e a r c h  e f  f o r t .  
A f i n a l  q u e s t i o n  d e a l s  w i t h  t h e  b e h a v i o r  o f  r en t - -and  o n e  
c o u l d  e x t e n d  t h e  a n a l y s i s  t o  c o s t  and price--when t h e  r e s o u r c e  
s t o c k  c a n  b e  i n d e f i n i t e l y  renewed by e f f o r t  d e v o t e d  t o  e x p l o r a -  
t i o n .  I n  t h i s  c a s e ,  t h e  r e l a t i o n s h i p  between r e n t  and d e p l e t i o n  
i s  n o t  p a r t i c u l a r l y  r e l e v a n t .  C o m p l i c a t i n g  t h e  fo rmal  model o f  
o p t i m a l  e x t r a c t i o n  by i n t r o d u c i n g  t h e  p o s s i b i l i t y  o f  expand ing  
t h e  s t o c k  f r e e s  t h e  economic measure  f rom i t s  t i e  t o  t h e  p h y s i -  
c a l .  I t  t u r n s  o u t  t h a t  r e n t  on a  m i n e r a l  r e s o u r c e  c a n  b e  e s t i -  
mated,  a t  l e a s t  t o  a f i r s t  a p p r o x i m a t i o n ,  by t h e  m a r g i n a l  r e -  
p l a c e m e n t  c o s t ,  i .e . ,  t h e  c o s t  o f  d i s c o v e r i n g  new d e p o s i t s .  
T h i s  i s  n o t  a  bad measure  o f  s c a r c i t y ,  a t  l e a s t  o f  t h e  r e s o u r c e  
" i n  t h e  g round" ,  i n  t h a t  it r e f l e c t s  t h e  s a c r i f i c e s  r e q u i r e d  
t o  o b t a i n  t h e  r e s o u r c e .  It a l s o  r a i s e s  i n t e r e s t i n g  p o s s i b i l i -  
t i e s  f o r  e m p i r i c a l  i n v e s t i g a t i o n - - a n d  c h a l l e n g i n g  t h e o r e t i c a l  
i s s u e s - - b e c a u s e  u n c e r t a i n t y  a b o u t  t h e  s i z e  and l o c a t i o n  o f  de- 
p o s i t s ,  and e x t e r n a l i t i e s  i n  t h e i r  e x p l o r a t i o n ,  i n d i c a t e  a d j u s t -  
ments  t o  t h e  d i s c o v e r y - c o s t  measure  o f  r e n t .  F o r  example ,  t h e  
c o s t  m i g h t  be  a d j u s t e d  up o r  down, depend ing  o n  whe ther  a  d i s -  
c o v e r y  c a r r i e s  a  c o s t  i n  t h a t  it d e p l e t e s  t h e  " s t o c k  o f  d i s -  
c o v e r i e s "  o r  a  b e n e f i t  i n  t h a t  it p r o v i d e s  i n f o r m a t i o n  a b o u t  
t h e  p r o s p e c t s  f o r  f u t u r e  d i s c o v e r i e s .  Moreover,  t h e  q u e s t i o n  
i s  c o m p l i c a t e d  by t h e  f a c t  t h a t  n e i t h e r  e f f e c t  i s  i n t e r n a l  t o  
t h e  f i r m  making t h e  d i s c o v e r y .  
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